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REMARKS 

In view of the above amendments and the following remarks reconsideration of the 
outstanding office action is respectfully requested. Support for addition of the "being present 
in somatic cells of the mammal" limitation in claims 67 and 73 is found on page 1, lines 17- 
18 of the specification which states the subject recombinatorial substrate can be activated to 
effect a gain or loss of function of genes in somatic and/or germ cells of a mammal. 

The March 22, 2004, personal interview between Examiner Crouch, inventor Howard 
Federoff, M.D., Ph.D., and applicant's undersigned attomey is gratefully acknowledged. The 
substance of that interview is summarized below. 

The rejection of claims 67-76 under 35 U.S.C. § 1 12 (1^* para.) for lack of enablement 
is respectfully traversed. 

As set forth, in the Amendment under 37 C.F.R. § 1.116, filed on September 26, 
2003, applicants submit that one of ordinary skill in the art would have been fully able to 
practice the present invention by making transgenic mammals from embryonic stem cells 
which were available for a variety of species at the time of the present invention. 

In any event, even if this were not true (which is not the case), one of ordinary skill in 
the art would recognize that the present invention can be carried out on chimeric (i.e. 
pluripotent) mammals; totipotency is not required. Indeed, as noted above, page 1, lines 17- 
18 of the present application teaches that the recombinatorial substrate of the present 
invention can be activated to effect a gain or loss of function of genes in somatic and/or germ 
cells of a mammal. Applicant believes that only a fraction of the cells in an organism need be 
transformed in order to treat a condition. 

The accompanying Declaration of Howard Federoff M.D., Ph.D under 37 C.F.R. § 
1.132 ("Federoff Declaration") is submitted to demonstrate that skilled scientists working in 
the field would recognize that the present invention could be used in conjunction with 
transgenic mammals and chimeric mammals for therapeutic benefit (Federoff Declaration f 
4). 

The term "transgenic" refers to the presence of a foreign gene in a cellular context 
where it can be carried either as an integrated DNA segment or as an episome (Federoff 
Declaration Tf 5). Cells that harbor a foreign piece of DNA, therefore, can be considered to be 
transgenic (Id.). 
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In the context of mammals, the most common usage of the term "transgenic" pertains 
to mammals that carry stably integrated copies of a gene of interest and which are conveyed 
to their progeny through the germ line (Federoff Declaration ^ 6). During the construction of 
conventional transgenic animals, the male pronucleus of a fertilized egg is injected with DNA 
(Id.). That DNA has the opportunity during the next several cell divisions to undergo 
integration into one or several chromosomal locations (IdJ. After transfer of that injected 
egg into a pseudo pregnant mother, offspring are bom that carry the integrated transgene 
(Id.). The transgene is often found in most, if not all, of the cells including the germ line of 
the founder animal (IdJ. Founders need not carry transgenes in every cell and, therefore, 
would be considered on that basis to be chimeric (Id.). 

Chimeric mammals, carrying a recombinatorial substrate in a subset of cells, would 
for the purposes of the present invention be suitable substrates for the delivery of ere 
recombinase (Federoff Declaration T| 7). If the transgene in the chimeric founder animal is a 
recombinatorial substrate, it could support ere recombinase-mediated recombination and, 
following successful recombination, would express only in cells and tissues capable of 
recognizing the promoter driving its expression (IdJ. The more frequent usage of chimeras 
refer to those derived from the construction of mammals where an embryonic stem (ES) cell 
is typically engineered by homologous recombination to harbor a loss or conditional loss of 
function mutation (Id/). These cells are then used to produce a transgenic mammal by 
injection of genetically altered ES cells into blastocysts (IdJ. When these embryos are 
transferred to a pseudo pregnant mother, they give rise to chimeras (IdJ. As in the 
pronuclear injection example, not every cell will harbor the transgene (IdJ. Typically if 
those cells that harbor the transgene include the germline, there is an opportunity for it to be 
conveyed to the progeny of the mammal (Id.). 

With regard to the present invention, no distinction need be made between a 
transgenic mammal in which the transgene is found in all cells versus those mammals where 
the transgene might be found in a more circumscribed set of cells (Federoff Declaration 8). 
To practice the present invention, ere recombinase can be delivered to either a founder 
manmial derived from pronuclear injection or a mammal derived from the introduction of 
genetically manipulated ES cells into the blastocyst (IdJ. Thus, the present invention can be 
practiced independently of the source or nature of the transgene in the mammal in which the 
transgene is carried (Id.). 
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The present invention has potential human therapeutic importance and was indeed a 
driving force for its creation (Federoff Declaration ^ 9). Unfortunate individuals with inborn 
errors of metabolism (e.g., Mucopolysaccharidoses, Canavan's Disease, Hurler's Disease, 
Tay-Sachs, among many others) and those with later-onset recessive mutations producing 
devasting clinical complications (e.g.. Juvenile Batten's Disease, etc.) would be suitable 
recipients for therapy based on the present invention (IdJ. This group of disorders share the 
characteristic that the replacement of the missing and mutated enzyme can be accomplished 
in a subset of cells and that these gene-modified cells provide sufficient enzymatic function 
through 'cross-correction' to ameliorate the clinical phenotype (IdJ. Such cross-correction 
can be achieved by administration of gene-modified bone marrow-derived cells (Id.). 

However, this same enzymatic correction could be accomplished by other somatic 
cells genetically engineered to provide the missing enzyme (Federoff Declaration Tf 10). This 
principle underlies the therapeutic practice of the present invention (IdJ. For example, an 
individual diagnosed with one of these disorders would have a somatic cell population 
engineered to carry a recombinatorial substrate that would include an inactive form of the 
missing enzyme (IdJ. The cells to be modified with the recombinatorial substrate could be 
bone marrow-derived, precursors or skeletal muscle cells, as non-limiting examples for 
discussion purposes (IdJ. Depending on the particular disease, it will be necessary to titrate 
the amount of replacement enzyme made available to effectively reverse the clinical 
phenotype (IdJ. This would be achieved by the introduction of ere recombinase to a fi-action 
of the cell type(s) harboring the recombinatorial substrate and should result in the expression 
of the missing enzyme (IdJ. The ability to titrate recombination will allow for precise 
control of the amount of enzyme that is to be replaced (IdJ. Given that in some cases the 
gene-corrected cells, produced by cre-mediated recombination, can migrate and marginate 
(e.g., bone marrow derived macrophages can enter the brain and other organs), it is likely that 
wide-spread correction of the clinical response would be observed (IdJ. 

In summary, transgenic mammals are those that have a transgene, often integrated, 
into some or all of the cells of the mammal's tissues (Federoff Declaration H 1 1). The present 
invention does not depend on whether all or some of the mammal's cells are transgenic given 
that any cells which contain a recombinatorial transgene are suitable for the introduction of 
ere recombinase (IdJ. Application of the present invention to humans holds the potential to 
treat and perhaps cure individuals with various recessive disorders (IdJ. 
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Based on the Federoff Declaration, it is apparent that the present application fully 
satisfies the requirements of 35 U.S.C. § 112(1^^ para.). Therefore, the lack of enablement 
rejection should be withdrawn. 

In view of all the foregoing, it is submitted that this case is in condition for allowance 
and such allowance is eamestly solicited. 

Respectfully submitted. 
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DECLARA HON OF HOWARD FEDEROFF UNDER 37 C.F.R. § 1.132 

MailvStopRCE 

c:oinmissioncr for Patents 

]\0. Box 1450 

Alexandria. VA 22313-1450 

Dear Sir: 

I, Howard Federof f, pursuant to 37 C.F.R. § 1. 132, declare: 

1. I received a 13.A. degree in 1974 from Earlhain CoUege, Richmond, Indiana, 
!.n M.S. degree in 1977, a Ph.D. degree in 1979. and M.D. degree, all from Albert Einstein 
College of Medicine, Bronx. 

2. I am the Senior Associate Dean for Basic Research, a Professor of Neurology. 
Medicine, Microbiology, and Immunology, and a Pix)fessor of Oncology and Genetics, all at 
University of Rochester School of Medicine, Rochester. N.Y. and the Director for tlic Center 
for Aging and Developmental Biology, Aab Institute of Sciences. University of Rochester, 
UocUcstcr, N.Y. A copy of my Curriculum Vitae is attached as Exhibit 1 . 

3. I am the sole inventor of the above patent application. 

4. I am presenting this declaration to demonstrate that skilled scientists working 
in live field would recognize that my present invenaon could be used in conjunction with 
IraJisgenic mammals and chimeric mammals for therapeutic benefit. 

5. The term "transgenic" refers to the presence a foreign gone in a cellular 
context where it can be carried cither as an integrated DNA segment or as an cpisome. Cells 
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ihai harbor an integrated foreign piece of DNA, therefore, can be considered to be uransgenic. 
(Gordon et a1., "Integration and Stable Germ Line Transmission of Genes Injected into 
Mouse Pronuclei" Science 214:1244-1246 (1981) (attached as Exhibit 2): Pinkert, In 
Transgenic Animal Technology: A JMboratory Handbook pps 3-12 (2002) (attached as 
llxhibit 3)). 

6. In the context of mammals, the most common usage of the term "transgenic" 
jx^nains to mammals that carry stably integrated copies of a gene of interest and which are 
conveyed to their progeny tlirough the germ line. During tlie constmclion of conventional 
transgenic animals, the male pronucleus of a fertilized egg is injected witli DNA (Palmiter cL 
al., "Differential Regulation of Metalloihionein-thymidinc Kinase Fusion Genes in 
Tmnsgenic Mice and Their Offspring." Cell 29(2):701-10 (1992)(attachcd as Exliibit 4). 
■llial DNA has the opportunity during the next several cell divisions to undergo integration 
into one or several chromosomal locations. After transfer of that injected egg into a pseudo 
pregnant mother, offspring are bom that carry the integrated transgene. The transgcne is 
often found in most, ifnot all. of the cells including the germ line of the founder animal. 
Founders need not cany transgcncs in every cell and, therefore, would be considered on that 
basis to be chimeric (Wagner et. al., "Genetic Engineering of Laboratory and Livestock 
Mnmmals." JAnim Sci. 61 Suppl 3:25-37 (1985) (attached as Exhibit 5); Lim et. al., "High 
Level. Regulated Expression of the Chimeric P-enolpymvate Carboxykinase (GTP)-baclerial 
06-alkylguanine-DNA Alkyltransfcrase (ada) Gene in Transgenic Mice." Cancer Res. 
50(6): 1 701-8(1990) (attached as Exhibit 6)). 

7. Chimeric maitimals, carrying a recorabinatorial substrate in a subset of cells, 
would for the purposes of my present invention be suitable substrates for the delivery of ere 
rccombinasc. If the transgene in the chimeric founder animal is a rccombinatorial substrate, 
ii could support ere recombinasc-mcdiated recombination and, following successful 
recombination, would express only in cells and tissues capable of recognizing the promoter 
driving its expie-ssion. The more frequent usage of chimeras refer to those derived 6om the 
construction of mammals where an embryonic stem (ES) cell is typically engineered by 
homologous recombination to harbor a loss or conditional loss of fimction mutation. These 
cells arc then used to produce a transgenic mammal by injection of genetically altered ES 
cdls into blastocysts. When these embryos arc transfen-ed to a pseudo pregnant mother, they 
give rise to chimeras. As in die pronuclear injection example, not every ceU will harbor the 
iransgcnc. Typically if those cells that harbor the transgene include the gcnnline. there is an 
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opporioniiy for it to be conveyed to the progeny of the njanimal (Thomas et al., "Site- 
dircclcd Mutagenesis by Gene Targeting in Mouse Embryo-derived Stem Cells." Cell 
5 1 (3)-.503- 12 (1987) (attached as Exhibit 7)). 

8. With regard to my prasent invenUon, no distinction need be made between a 
irousgenic mammal in which the transgene is found in all cells versus those mammals where 
ihii uansgcnc might be found in a more circumscribed set of cells. To practice my present 
invention, ere recombinasc can be delivered lo either a founder mammal derived from 
pronucJear injection or a mammal derived from the introduction of genetically manipulated 
BS cells into the blastocyst. Thus, my present invention can be practiced independently of 
ihc .source or nature of the transgene in the mammal in which the transgene is earned. 

9. My present invention has potential human therapeutic importance and was 

indeed a driving force for its creation. Unfortunate individuals with inborn cnxjrs of 
metabolism (e.g.. Mucopolysaccharidoses. Canavan's Di-sea^e, Hurler's Disease, Tay-Sachs, 
among many others) and those with later-onset recessive mutations producing devasiing 
clinical complications (e.g.. JuvcnUe Batten's Disease, etc.) would be suitable recipients for 
therapy based on my present invention. This group of disorders share the characteristic that 
the replacement of the missing and mutated enzyme can be accomplished in a subset of cells 
and that these gene-modified cells provide sufficient enzymatic function tlirough 'cross- 
correction' to ameliorate the clinical phenotype. Such cross-correction can be achieved by 
administration of gene-modified bono marrow-derived cells (Gasper et. al., "Coaectton of 
Feline Arylsulphatase B Deficiency (Mucopolysaccharidosis VI) by Bone Marrow 
•iVansplantation," Nature 3 12(5993):467-9 (1984) (attached as Exhibit 8); Wolfe ct. al., 
"Reversal of Pathology in Murine Mucopolysaccharidosis Type VII by Somatic Cell Gene 
Transfev," Nature 360(6406):749.53 (1992) (attached as Exhibit 9): Hoogerbmgge et. al., 
"Correction of Lysosomal Enzyme Deficiency in Various Organs of Beta-glucuronidase- 
dclicienl Mice by Allogeneic Bone Marrow Transplantation, "rrattsplantation"4Ki):609-\4 
(1987) (attached as Exhibit 10)). 

1 0. However, this same enzymatic correction could be accomplished by other 
somatic cells genetically engineered to provide the missing enzyme. This principle underiies 
Ihi therapeutic practice of my present invenUon. For example, an individual diagnosed with 
one of these disorders would have a somatic cell populaUon engineered to carry a 
rccombinatorial substrate that would include an inactive fomi of the missing enzyme. The 
cells to be modified with the recombinatorial substrate could be bone mairow-derived, 
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prccu^on. or sMcal m„scle ccUs. as non-UmiUng cxan.pl« for discussion purposes. 
Dcr„dins 0,. U« p.«icuiar disease, U will be necessary .0 .i».e .he amount ofrepla^rnen. 
„,Le made available u, effectively revere .he elinieal phenotype. Ws would be aclueved 
by,l,ein.roducti<.nofererecombiuase«.arrac,ionofthecen.ype(s)harbortn6tt,e 

rcrnmbinalorial substrain and should tesult in the expression of the missing en^me. The 
.WUty u. Ulrate recombination wil, allow for praise conUol of the amount of enzyme a,at ,s 
,„ 1« replaced. Given tha. in some cases the gcne^rreced cells, produced by ere-med,a.«J 
recombination, can migra-e and marginatc (e.g„ bone .narrow derived macrophages can enter 
,„e bmin ^ other organs),it is likely .bat widespread commotion of 0,e clinical response 
would be observed. 

1 1 In sumaiary. transgenic mammals arc those that have a itansgenc, often 
integrated", into some or all of the cells of the mammal's tissues. My present invention does 
ncn depend on vvhelber all or some of the mammal's cells are transgenic given that any cells 
which contain a reeombinatorial transgene a^ suitable for the introduction of ere 
rocombinasc. Application of my present invention to huma,. holds the potential to tre^ 

Dcrhaps cure individuals with various recessive disorders. 

12 Iherebydeclarethatallstatementsmadehei^inofmyownknowledgearetrueand 

that all statements made on information and beUef are believed to be tn,e; and further ti,at these 
statements were made with the knowledge that willful false statements and the like so m^e are 
punlshobleby fineor imprisonment, or both.underSeetionl001ofTitlel8of the Uni^ 

Slates code, and that such willful false statements may jeopardize the validity of the 
application or any patent issuing tliereon. 

Date: L. Howard Federoff 
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Andrew Brooks, Ph.D. candidate, 1994 - 2000 
Marc Halterman, MSTP, 1995- 2002 
Michael Derby, Ph.D. candidate, 1996 - 1997 
Keith Barlow, Ph.D. candidate, 1996 - 1997 
Joe Sanchez, Ph.D. candidate, 1996 - 1999 
Brandon Harvey, Ph.D. candidate, 1996 - 2003 
Renee Miller, Ph.D. candidate, 1999 - present 
Yu (Agnes) Luo, Ph.D. candidate, 1999-present 
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Jason Hamilton, Ph.D. candidate, 2000-present 
Douglas Short, Ph.D. candidate, 2000-present 
Charles Wuertzer, Ph.D. candidate, 2000-present 
Kuei-Cheng Lim, MSTP candidate, 2000- present 
Michelle Janelsins, Ph.D. candidate, 2003-present 

Postdoctoral: Bhaskar Mukherjee, Ph.D., 1993 - 1995 
Peter Zahos, M.D., 1993 - 1994 
Nariman Panahian, M.D., Ph.D., 1995 - 1997 
William Bowers, Ph.D., 1995 - 1998 
Timothy Corden, M.D., 1995 - 1996 
Kathleen Maguire-Zeiss, Ph.D., 1996 - 2002 
Hui Huang, Ph.D., 1997 - 2000 
Craig Miller, M.D., Ph.D., 1998 - 1999 
Eric Detrait, Ph.D., 1999-2001 
Stephanos Kyrkanides, D.D.S., Ph.D., 1999 - 2000 
Xiaowei Chen, M.D., Ph.D., 1999-2001 
Seung Lim, Ph.D., 2001-2003 
David Rempe, M.D., Ph.D., 2001-2003 
Feng Xing, Ph.D., 2003- 

PATENTS 

US 6,051,428: Rapid production of autologous tumor vaccines 
hiventors: Y. Fong, H. J. Federoff, and J. D. Rosenblatt 
Issued: April 18, 2000 

US 5,156,306: Pancreatic beta-cells for allogeneic transplantation without immunosuppression 
hiventors: M. Brownlee, M. Horowitz, H.J. Federoff and S. Efrat 
Issued: December 5, 2000 

US 6,252,130: Production of Somatic Mosaicism in Mammals Using a Recombinatorial 
Substrate 

Inventor: H.J. Federoff 
Issued: June 26, 2001 

PCT/USOl/16682 
Filing date: 5/23/00 

Title: "Method for Producing HSV Amplicons and Uses Thereof 
Inventors: H.J. Federoff and W.J. Bowers 

US Utility 09/997,848 
PCT/USO 1/47808 
Filing date: 11/29/01 

Title: "Helper Virus-Free Herpes Virus Amplicon Particles and Uses Thereof 

hiventors: H.J. Federoff, W.J. Bowers, S. Dewhurst, T. Evans, J. Frelinger, R. Willis,: K. Tolba, 

and J. Rosenblatt 
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PCT/US02/01069 
Filing date: 1/18/02 

Title: "Central Role of Brain Endothelium in Pathogenesis of Alzheimer's Disease" 
Inventors: B. Zlokovic, H.J. Federoff 



PCT/US03/05712 
Filing Date: 2/25/03 

Title: "DNA Construct for Inducible Expression of Angiogenic Protein" 
Inventors: H.J. Federoff and W. J. Bowers 

PCT/US03/17318 
Filing Date: 5/31/03 

Title: "Integrated HSV Amplicon Vector" 
Inventors: H. J. Federoff and W. J. Bowers 

Provisional 60/442,303 

Filing Date: 1/23/03 

Title: "Herpes Amplicon Particles" 

Inventors: H.J. Federoff, W.J. Bowers, and M.W. Halterman 

Provisional 60/480,112 
Filing Date: 6/20/03 

Title: "Prevention of Treatment of Deficits that Arise in Connection of or Injuries to the Nervous 
System" 

Inventors: H.J. Federoff, W.J. Bowers, V. Arvanion, and L. Mendell 

Provisional 60/518,474 
Filing Date: 11/07/03 

Title: Compositions and Methods of Treating Neurological Disorders 
Inventors: H. J. Federoff and W. J. Bowers 



INVITED PRESENTATIONS 1995 - Present 

"Gene Therapeutic Approaches for Neuronal Salvage", Gene Therapy of Central Nervous 
Disorders University of Peimsylvania, Philadelphia, PA 6/95 

"Genetic Therapy", NIH Parkinson's Disease Research Planning Workshop, Washington, DC 
8/95 

"Gene Transfer in Neurobiology", European Neuroscience Meeting, Amsterdam, NL 9/95 

"Selective Cardiac Overexpression of NGF in Transgenic Mice", University of Leiden, Leiden, 
NL 9/95 
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"Cellular and Molecular Treatments of Neurologic Diseases", Harvard University, Cambridge, 
MA 10/95 

"Network Modification", Neurotrophic Factors in Development, Plasticity and Survival, 
Madison, WI 10/95 

"Gene Transfer into the nervous system: implications for disease pathogenesis". Annual Meeting 
of the American Neurological Association, Washington, D,C. 10/95 

"Somatic and Germline Approaches for Neurotrophin Manipulation", University of Pittsburgh, 
Department of Molecular Biology, Pittsburgh, PA 10/95 

"Manipulation of a Network: Gene Targeting in Development ", Genova, Italy 3/96 

"Neuronal Salvage", The First Meeting of the Parkinson's Disease Gene Therapy Consortium, 
Washington, DC, 4/96 

"Genetics and the use of biomaterials" Moving into the 21st century: Frontiers in human tissue 
research, Philadelphia, PA, 4/96 

"Gene Transfer: Applications of Viral Vectors for the Study and Treatment of CNS Disorders", 
Co-Chair, Symposium , Society for Neuroscience Meeting, Washington, DC, 1 1/96. 

"Somatic Mosaic Analysis of NGF Function" Winter Conference on Brain Research, 1/97 

"Somatic and Germline Manipulation of Neurotrophin Function" University of Iowa, 4/97 

"Gene Therapy for Parkinson's disease" United Stated House of Representatives Subcommittee 
on Appropriations" Washington, DC, 6/97 

"Manipulation of NGF Function in vivo''' Tufts University School of Medicine, 6/97 

"Strategies to Ameliorate Neuron Death" 8th Intemational Symposium on Stroke, Neurotrauma 
and Other Neurological Diseases" New Orleans, LA 7/97 

"Gene Therapy for Neurologic Diseases" Promega Consultants Symposium, Madison, WI, 7/97 

"Direct CNS Gene Transfer for Reduce Neuron Death" European Neuroscience Summer School, 
Amsterdam, NL, 8/97 

"Gene Transfer into the Central Nervous System: An Experimental Tool and a Potential 
Therapy", First Annual Brain Marrow Project Lecture, Memphis TN, 1 1/97 

"Gene Transfer into the CNS" WCBR, UT, 1/98 
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"Perspectives in Neuroscience - Manipulation of NGF Expression within the Murine CNS", 
"Developing Gene Therapy for Neurological Diseases", 2 Lecture Series, Clinical Neurological 
Science Rounds, London, Ontario, 4/98 

"HSV Gene Transfer: An Experimental Tool and Potential for Therapy", University of Toronto - 
Mount Sinai Hospital, Toronto Ontario, 4/98 

"Viral Vectors", Fifth Annual Conference of the American Society for Neural Transplantation, 
Clearwater, FL, 4/98 

"Introduction of Concept Clearance in Developmental Neurotoxicology and Neurodegenerative 
Diseases", Ninety-Fourth Regular Meeting of the National Advisory Environmental Health 
Sciences Council, NIH/NIEHS, Bethesda, MD, 5/98 

"Gene Transfer to the Nervous System: Experimental Tool and Potential for Therapy", 
Symposium for Gene Expression in the Nervous System, Harvard Medical School, Boston, MA, 
5/98 

"Somatic mosaic analysis of NGF fiinction in the CNS", Molecular Biology Seminar Series, 
University of Kansas, Lawrence, KS, 5/98 

"Gene delivery and gene therapy methodologies for CNS applications", 2nd Cellular and 
Molecular Treatments of Neurological Diseases Conference, American Academy of Arts and 
Sciences, Cambridge, MA, 10/98 

"Somatic Mosaic Analysis in Mice: An Approach to Study Gene Product Function in the CNS", 
A Satellite Symposium to the 1998 Society for Neuroscience Annual Meeting, Sponsored by 
NL^AA, NIH, Los Angeles, CA 1 1/98 

"Genetic Modifications of the Brain: Strategies to Elucidate Function", Neuroscience 
Colloquium, University of Rochester, Rochester, NY, 2/99 

"CNS Gene Transfer with HSV Vectors", Promega Corporation, Madison, WI, 4/99 

"Probing the Function of NGF in the Adult CNS by Somatic Mosaic Analysis", Neuroscience 
Lecture, University of Wisconsin-Madison, Madison, WI, 4/99 

"Hypoxic Signaling in Neurons", Chair, "Signal Transduction Session", First Gordon Conference 
on Neuro Virology, Seminar: "Adaptive and Pathophysiologic Signaling in Hypoxia", Colby 
Sawyer College, New London, NH, 6/99 

"CNS Gene Transfer to Modify Learning", The American Society of Gene Therapy, Second 
Armual Meeting, Washington, DC, 6/99 

"Approaching Gene Transfer to the Nervous System fi*om the Inside and Out", Winter 
Conference on Brain Research, Breckenridge, CO, 1/00 
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"CNS Gene Transfer to Modify Learning", University of Connecticut Health Center, Farmington, 
CT, 2/00 

"Gene Transfer to Modify Learning", University of Pennsylvania Health System, Philadelphia, 
PA, 4/00 

"CNS Gene Transfer: Experimental Tool and Potential for Therapy", Neurology Grand Rounds, 
Johns Hopkins University, Baltimore, MD, 4/00 

"Gene transfer to modify the neural substrate underlying learning and memory", Cells and Genes 
and Their Applications for Therapies for the Brain, FASEB, San Diego, CA 4/00 

"Applications of HSV Vectors for Experimental Neurobiology", NIH, NIDA, 5/00 

"Methodologies for manipulating single genes in the adult", American Society of Gene Therapy 
3'"^ Annual Meeting, Denver, CO 6/00 

"Gene-experience interaction alters the cholinergic septohippocampal pathway of mice". The 
Year 2000 Schmitt Symposium, University of Rochester, Rochester, NY, 8/00 

"Genes, Environment, and Aging: hateraction and Involvement in Disease", Symposium on 
Aging, 75^ Anniversary of the University of Rochester Medical Center, Rochester, NY, 10/00 

"Gene Transfer to the Nervous System: Status and Promise for Therapy", Third Annual Meeting 
of the American Society for Experimental Neurotherapeutics, Washington, DC, 3/01 

"Summary Report", Workshop on DoD Sponsored Parkinson's Related Research, Bolger Center, 
Potomac, MD, 3/01 

"Gene Therapy: Scientific, Ethical and Regulatory Issues", 53^^ Annual Meeting of the American 
Academy of Neurology, Philadelphia, PA 5/01 

" Manipulation of genes to further our understanding and treatment of disease", Washington 
Science Writers Seminar: Emerging Technologies & Interventions for Brain Repair, Washington, 
DC 5/01 

"Modes of Gene Delivery and Expression in the CNS", 4^ Annual American Society of Gene 
Therapy, Seattle, WA 5/01 

"Amplicon vector gene transfer to evaluate nervous system function", 4^*^ Annual American 
Society of Gene Therapy, Seattle, WA 5/01 

"Principles of CNS gene therapy". Bench science research: implications for treatment of TBI, 
National Brain Injury Association 20* Annual Symposium, Atlanta, GA 7/01 

"Bionomics analysis of hypoxic injury", Pediatrics Travel Club, Rochester Academy of 
Medicine, Rochester, NY 9/01 
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"Probing the aging CNS functions by gene transfer", Brain Aging-Identifying Accelerators and 
Brakes, San Diego, CA 11/01 

"Evolving Perspectives on CNS Gene Therapy", Winter Conference on Brain Research, Aspen, 
CO, 1/02 

"Experience, Plasticity and the Aging Brain", Adler Foundation Symposium, Salk Institute, 
Torrey Pines, CA, 1/02 

"Molecular dissection of pathologic mechanisms: Integrative Bionomics", Cellular and 
Molecular Treatments of Neurological Diseases Conference, American Academy of Arts and 
Sciences, Cambridge, MA, 3/02 

"Molecular Mechanisms of Alzheimer's Disease", Case Seminar in Aging, Monroe Community 
Hospital, Rochester, NY, 4/02 

"Stem Cells: Biologic and Ethical Issues", University of Rochester, Rochester, NY 4/02 

"Plasticity and the Aging Brain", William Hall Symposium, University of Rochester, Rochester, NY, 
5/02 

"A Celebration of Science: The Healing Power of Knowledge", Harvard Club of New York City, 
NY 5/02 

"Molecular Genetic Manipulation of the Adult Central Nervous System", Workshop on "Aging 
in the Nervous System", University of Michigan, Ann Arbor, MI 5/02 

"Dissection of Neurologic Disease Mechanisms by Gene Transfer", Scientific Symposium, 5^ 
Annual American Society of Gene Therapy, Boston, MA 6/02 

"Gene Transfer Strategies for Treatment of Neuromuscular Disorders", Corporate Symposia, 5^ 
Annual American Society of Gene Therapy, Boston, MA 6/02 

"Evolution of Gene Therapy for Parkinson's Disease", Annual Parkinson's Disease Symposium, 
Radisson Inn, Rochester, NY 9/02 

"Response to injury at the Cellular Level: Defense and Compensation", Parkinson's Disease: The 
Life Cycle of the Dopamine Neuron, A New York Academy of Sciences Conference, Princeton, 
N J 9/02 

"CNS Diseases Amenable for Gene Therapy", Emst Schering Research Foundation Workshop 43 
- Human Gene Therapy: Current Opportunities & Future Trends, Berkeley, CA 10/02 

"Genetic Approaches to Study CNS Function and Repair", Schmitt Program on Integrative Brain 
Research Symposium - Cellular Approaches to the Understanding of CNS Development, 
Damage and Repair, University of Rochester, 10/02 
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"NGF: Constitutive and Activity Dependent Modulator of Synaptic Function", 3'^ Neurobiology 
of Aging Conference, Orlando, PL 10/02 

"A Proteomic Approach for Potential Biomarker Identification", Proteomics and Aging 
Workshop, National histitute of Aging, Bethesda, MD 12/02 

"Molecular Mechanisms of Alzheimer's Disease", Case Seminar in Aging, Monroe Community 
Hospital, Rochester, NY, 4/03 

"Gene Therapy: Current Reality and Future Prospect for Parkinson's Disease", Mercer University 
of Medicine, Macon, GA 4/03 

"Molecular Medicine: Its General Principles and Applications", Core Curriculimi Seminar in 
Internal Medicine, Mercer University of Medicine, Macon, GA 4/03 

"Gene Therapy - GDNF", Scientific Overview Panel, 9^^ Annual Pan Forum Research and 
Education Forum and Public Policy Forum, Parkinson's Action Network, Washington, DC 5/03 

"Molecular Genetic Manipulation of the CNS Elucidating Function an Approaching 
Therapies", Kansas City Chapter of the Society for Neuroscience as a Grass Traveling Scientist, 
University of Kansas Medical School, Kansas City, KS 5/03 

"Central Nervous System Gene Transfer", Education Program of the American Society of Gene 
Therapy 6**^ Annual Meeting, Washington, DC 6/03 

'^Neurodegenerative Disease and Proteomics: Strategies for Therapeutic Discovery", The 
Biotechnology Industry Organization (BIO), 2003 Armual Convention, Washington, DC 6/03 

"Loosening the Grip of Parkinson's Disease", Medical School for an Evening: 'Progress; From 
the Bench to the Bedside', University of Rochester, Rochester, NY 6/03 

"The Aging Brain and its Diseases", Project Medical Education, "'Research Rotations', 
University of Rochester, Rochester, NY 8/03 

"HSV vector -mediated gene delivery", Plenary Speaker for the 5th International Symposium on 
Neuro Virology, Renaissance Harborplace Hotel, Baltimore, MD 9/03 

"Molecular approaches to unraveling neurodegenerative diseases: implications for early 
diagnosis and novel therapy development", Amersham Biosciences, Piscataway, NJ 10/03 

"Gene Transfer for the CNS: An Experimental Tool and Potential for Therapy", Amgen, Inc., 
Thousand Oaks, CA 1 1/03 

"NAD as an Integrative Sensor: Linking Cellular Energy Metabolism and Cell Death", Nathan 
Shock Center Symposium, San Diego, CA 1 1/03 

"Virus Vectors to Dissect CNS Function and Develop New Therapy", University of California, 
Irvine, Irvine, CA 11/03 
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"Molecular Mechanisms of Alzheimer's Disease", Case Seminar in Aging, Monroe Community 
Hospital, Rochester, NY 3/04 

"The Future of CNS Gene Therapy", Neurology Grand Rounds, Johns Hopkins University, 
Baltimore, MD, 4/04 

"Mechanisms underlying MPTP injury to the mouse substantia nigra as revealed by microarray 
analysis", CodeLink North American VIP Event, Chandler AZ. Sponsored by Amersham 
Biosciences 5/04 

"Nurrl : Downstream targets and implications for Parkinson's Disease", Neuronal Cell 
Differentiation and Development at Normal and Disease Stages Workshop, Temple University, 
Philadelphia, PA 5/04 

"HSV Amplicons for Vaccination", Neural Disorders: The Neuroimmunology of Gene Therapy 
Session, American Society for Gene Therapy 7th Aimual Meeting, Minneapolis, MN 6/04 

"Redefining gene-based neuroprotective strategies". New Directions in Neuroprotection: Basic 
mechanisms. Molecular Targets and Treatment Strategies Workshop, New York Academy of 
Sciences, New York, NY 6/04 

"Novel Gene Therapeutic Strategies for Neurodegenerative Diseases", Ernst Schering Research 
Foundation Symposium "Opportunities and Challenges of the Therapies Targeting CNS 
Regeneration, Yountville, CA 6/04 

CURRENT RESEARCH INTERESTS: (Keywords) 
Gene Therapy, Neurodegenerative Diseases 

PUBLICATIONS 

Needleman, R.B., Federoff, H.J., Eccleshall, T.R., Buchferer, B. and Marmur, J. (1978) 
Purification and Characterization of an Alpha-Glucosidase fi-om Saccaharomyces carlsbergensis. 
Biochemistry 17(22): 4657-4661. 

Cohen, J.D., Eccleshall, T.R., Needleman, R.B., Federoff, HJ., Buchferer, B. and Marmur, J. 
(1980) Functional Expression in Yeast of the Escherichia coli Plasmid Gene Coding for 
Chloramphenicol Acetyltransferase. Proc. Natl. Acad. Sci. (USA) 77:1078-1082. 

Federoff, H.J., Cohen, J.D., Eccleshall, T.R., Needleman, R.B., Buchferer, B., Giacolone, J., and 
Marmur, T. (1982) The Isolation of a Maltase Structural Gene fi-om 5. carlsbergensis, J. 
Bacteriol. 149(3):1064-1070. 

Federoff, H.J., Eccleshall, T.R. and Marmur, J. (1983) The Regulation of Maltase Synthesis in 
5. carlsbergensis, J. Bacteriol. 154(3):1301-1308. 

Federoff, HJ., Eccleshall, T.R. and Marmur, J. (1983) Carbon Catabolite Repression of Maltase 
Synthesis in iS. carisbergensis. J. Bacteriol. 156(1):301-307. 



Federoff, H.J., Grabczyk, E. and Fishman, M.C. (1988) Dual Regulation of GAP-43 Gene 
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Expression by Nerve Growth Factor and Glucocorticoids. J. Biol. Chem. 263(36): 19290- 19295. 

De la Monte, S.M., Federoff, HJ., Ng, S., Grabczyk, E. and Fishman, M.C. (1989) GAP-43 
Gene Expression During Development: Persistence in a Distinctive Set of Neurons in the Mature 
Central Nervous System. Dev. Brain Res. 46(2):161-168. 

Biller, B.M.K., Federoff, H.J., Koenig, J.L. and Klibanski, A. (1990) Abnormal Cortisol 
Secretion and Responses to Corticotropin Releasing Hormone in Women with Hypothalamic 
Amenorrhea. J. Clin. Endocrinol. Metab. 70(2): 311-317. 

Grabczyk, E., Zuber, M.X., Federoff, H.J., Ng, S., Pack, A., and Fishman, M.C. (1990) Cloning 
and Characterization of Rat Gene Encoding GAP-43. Eur. J. Neurosci. 2:822-827. 

Lustig, R.H., Sudol, M., Pfaff, D.W., and Federoff, H.J. (1991) Estrogenic Regulation and Sex 
Dimorphism of Grov^- Associated Protein 43 kDa (GAP-43) Messenger RNA in the Rat. Mol. 
Brain Res. 11(2):125-132. 

Federoff, H. J., Geschwind, M., Geller, A. L, and Kessler, J.A. (1992) Expression of Nerve 
Growth Factor in vivo from a Defective Herpes Simplex Virus I Vector Prevents Effects of 
Axotomy on Sympathetic Ganglia. Proc. Natl. Acad. Sci. (USA) 89(5):1636-1640. 

Federoff, H.J., Lawrence, D. and Brownlee, M. (1993) Nonenzymatic Glycosylation of Laminin 
and the Laminin Peptide CIKVAVS Inhibits Neurite Outgrowth. Diabetes 42(4):509-513. 

Lustig, R.H., Hua, P., Wilson, M.C., and Federoff, H.J. (1993) Ontogeny, Sex Dimorphism, and 
neonatal sex hormone determination of Synapse-Associated Messenger RNAs in Rat Brain. 
Mol. Brain Res. 20(1-2):101-110. 

Bergold, P.J., Casaccia-Bonnefil, P., Zeng, X.L., and Federoff, H.J. (1993) Transsynaptic 
Neuronal Loss hiduced in Hippocampal Slice Cultures by a Herpes Simplex Virus Vector 
Expressing the GluR6 Subunit of the Kainate Receptor. Proc. Natl. Acad. Sci. (USA) 
90(13):6165-6169. 

Casaccia-Bonnefil, P., Bendikz, E., Stelzer, A., Edelstein, D.E., Brownlee, M.D., Federoff, H.J., 
and Bergold, P.J. (1993) Localized Gene Transfer into Organotypic Hippocampal Slice Cultures 
and Acute Hippocampal Slices. J. Neurosci. Methods 50(3):341-351. 

Bohn, M.C, Lin, Q., and Federoff, H.J. (1994) Stimulation of Neurite Growth Rat Adrenal 
Chromaffin Cells hifected with a Defective Herpes Simplex Virus Carrying an NGF Minigene. 
GeneTher. 1:S70. 

Apfel, S., Arezzo, J., Brownlee, M., Federoff, H.J., and Kessler, J.A. (1994) Nerve Growth 
Factor Administration Protects Against Experimental Diabetic Sensory Neuropathy. Brain Res. 
634:7-12. 

DeLeon, J., Federoff, H.J., Dickson, D., Vickstrom, K.L., and Fishman, G.I. (1994) Cardiac and 
Skeletal Myopathy in Beta Myosin Heavy Chain-SV40 tsA58 Transgenic Mice. Proc. Natl. 
Acad. Sci. (USA) 91(2):519-523. 

Starr, R., Lu, B. and Federoff, H.J. (1994) Functional Characterization of the Rat GAP-43 
Promotor. Brain Res. 638(1 -2):2 11-220. 

Xu, H., Federoff, H.J., Maragos, J., Parada, L.F., and Kessler, J.A. (1994) Viral Transduction of 
trkA into Cultured Nodose and Spinal Motor Neurons Conveys NGF Responsiveness. Dev. Biol. 
163:152-161. 



June 2004 



Geschwind, M.D., Kessler, J.A., Geller, A.L, and Federoff, HJ. (1994) Transfer of the Nerve 
Growth Factor Gene kite Cell Lines and Cultured Neurons Using a Defective Herpes Simplex 
Vector. Mol. Brain Res. 24(l-4):327-335. 

Mesri, E., Federoff, H.J., and Brownlee, M. (1995) Expression of Vascular Endothelial Growth 
Factor from a Defective Herpes Simplex- 1 Virus Amplicon Vector Induces Angiogenesis in vivo. 
Circ. Res. 76(2): 161-167. 

Volpe, B.T,. Wessel, T.C., Mukherjee, B., and Federoff, H.J. (1995) Temporal Pattern of 
Intemucleosomal DNA Fragmentation in the Striatum and Hippocampus after Transient 
Forebrain Ischemia. Neurosci. Lett. 186(2-3): 157-1 60. 

Lu, B., Gupta, S., and Federoff, H.J. (1995) Ex Vivo Hepatic Gene Transfer Using a Defective 
Herpes Simplex Viral Vector. Hepatology 21 :752-759. 

Chiu, F.C., Feng, L., Chan, S.-O., Padin, C. and Federoff, H.J. (1995) Expression of 
Neurofilament Proteins During Retinoic Acid-Induced Differentiation of P19 Embryonal 
Carcinoma Cells. Mol. Brain Res. 30:77-86. 

Lu, B. and Federoff, H.J. (1995) Herpes Simplex Virus Type-1 Amplicon Vectors with 
Glucocorticoid Inducible Gene Expression. Hum Gene Ther. 6(4):419-428. 

Hassankhani, A., Steinhelper, M., Soonpa, M.H., Katz, E.B., Taylor, D.A., Andrade-Rozental, 
A., Factor, S.M., Steinberg, J.J., Field, L.J., and Federoff, H.J. (1995) Over-Expression of NGF 
within the Heart of Transgenic Mice Causes Hyperinnervation, Cardiac Enlargement and 
Hyperplasia of Ectopic Cells. Dev. Biol. 169(1):309-32L 

Andrade-Rozental, A.F., Rozental, R., Hassankhani, A., Spray, D.C. and Federoff, H.J. (1995) 
Characterization of Two Populations of Ectopic Cells from the Hearts of NGF Transgenic Mice. 
Dev. Biol. 169(2):533-546. 

Casaccia-Bonnefil, P., Stelzer, A., Federoff, H.J., and Bergold, P.J. (1995) A Role for Mossy 
Fiber Activation in the Loss of CA3 and Hilar Neurons Induced by Transduction of the GluR6 
Kainate Receptor Subunit. Neurosci. Lett. 191(l-2):67-70. 

Hammes, H.-P., Federoff, H.J. and Brownlee, M. (1995) Nerve Growth Factor (NGF) Prevents 
Both Neuroretinal Programmed Cell Death and Capillary Pathology in Experimental Diabetes. 
Mol Med l(5):527-534, 

Fong, Y., Federoff, H.J., Brownlee, M., Blumberg, D., Blumgart, L.H., and Brennan, M.F. 

(1995) Rapid and Efficient Gene Transfer in Human Hepatocytes by Herpes Viral Vectors, 
Hepatology 22(3):723-729. 

Linnik, M.D., Zahos, P. Geschwind, M.D. and Federoff, H.J. (1995) Expression of bcl-2 from a 
Defective Herpes Simplex Virus- 1 Vector Limits Neuronal Death in focal cerebral ischemia. 
Stroke 26(9): 1670-1 675. 

Geschwind, M.D., Hartnick, C.J., Liu, W., Amat, J., Van De Water, T.R., and Federoff, H.J. 

(1996) Defective HSV-1 Vector Expressing BDNF in Auditory Ganglia EH cits Neurite 
Outgrowth: Model for Treatment of Neuron Loss Following Cochlear Degeneration. Hum Gene 
Ther 7(2):173-182. 

Goodman L.J., Valverde, J., Lim, P., Geschwind, M.D., Federoff, H.J., Geller, A.I. and Hefti, F. 
(1996) Regulated Release and Polarized Localization of Brain-derived Neurotrophic Factor 
(BDNF) in Hippocampal Neurons. Mol. Cell. Neurosci 7(3):222-238. 
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Liu, Y., Rabinovitch, A., Suarezpinzon, W.^Muhkerjee, B., Edelstein, D., Brownlee, M., and 
Federoff, HJ. (1996) Expression of the bcl-2 gene from a Defective HSV-1 Amplicon Vector 
Protects Pancreatic p-cells from Apoptosis. Hum Gene Ther. 7(14):1719-1726. 

Jin, B.K., Belloni, M., Conti, B., Federoff, H.J., Starr, R., Son, H., Baker, H., and Joh, T.H. 
(1996) Prolonged in vivo gene expression driven by tyrosine hydroxylase promotor in a defective 
herpes simplex virus amplicon vector. Hum Gene Ther 7(16): 2015-2024. 

Tung, C, Federoff, HJ., Brownlee, M., Karpoff, H., Weigel, T., Brennan, M., and Fong, Y. 

(1996) Rapid Production of IL-2 Secreting Tumor Cells by HSV-mediated Gene Transfer: 
Implications for Autologous Vaccine Production. Hum Gene Ther 7(18): 2217-2224. 

Brooks, A., Muhkeijee, B., Panahian, N., Cory-Slechta, D., and Federoff, H.J. (1997) Nerve 
Growth Factor Somatic Mosaicism Produced by Herpes Virus-Directed Expression of ere 
Recombinase. Nat Biotechnol 15(l):57-62. 

Karpoff, H.M., D'Angelica, M., Blair, S.L., Brownlee, M.D., Federoff, H.J., and Fong, Y. 

(1997) Prevention of Hepatic Tumor Metastases in Rats with Herpes Viral Vaccines and y- 
hiterferon. J. Clin. Invest. 99:799-804. 

Lu, B., Federoff, H.J., Wang, Y., Goldsmith, L.A., and Scott, G. (1997) Topical Application of 
Viral Vectors for Epidermal Gene Transfer. J. Invest Dermatol. 108(5):803-808. 

Staecker, H., Gabizedeh, R., Federoff, H.J., and Van De Water, T.R. (1998) Brain Derived 
Neurotrophic Factor Gene Therapy Prevents Spiral Ganglion Degeneration After Hair Cell Loss. 
Otolaryngol. Head Neck Surg. 1 19:7-13. 

Brooks, A.I., Halterman M.W., Chadwick, C.A., Davidson, B.L., Haak-Frendscho, M., Radel, C., 
Porter, C, and Federoff HJ. (1998) Reproducible and Efficient Murine CNS Gene Delivery 
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Integration and Stable Germ Line Transmission of 
Geiies Iiyected into Mouse Pronuclei 

Abstract. Genetic material has been successfully transferred into the genomes of 
newborn mice by injection of that material into pronuclei of fertilized eggs. Initial 
results indicated two patterns of processing the injected DNA: one in which the 
material was not integrated into the host genome, and another in which the injected 
genes became associated with high molecular weight DNA. These patterns are 
maintained through further development to adulthood. The evidence presented 
indicates the covalent association of injected DNA with host sequences, and 
transmission of such linked sequences in a Mendelian distribution to two succeeding 
generations of progeny. 



Tcte'buccessful introduction of exoge- 
nous DNA into cultured mammalian 
cells (7-4) has led to the development of 
a novel gene transfer system that has 
yielded new information about gene reg* 
ulation in higher eukaryotes. One diffi- 
culty with this system is that cultured 
cells are not capable of organismal devel- 
opment and differentiation. DNA se- 
quences cloned by recombinant DNA 
technology can be microi[\jected into the 
pronuclei of fertilized mouse oocytes and 



can be subsequently located in the DNA 
of newborn mice (5). This system allows 
the study of transferred gene sequences 
in the context of normal embryonic de- 
velopment. Since development is a pro- 
cess that includes maturation to adult- 
hood, reproduction, and senescence, it is 
important to examine the fate of trans- 
ferred genes beyond the point of birth. 
We have now followed this injected ma- 
terial through further stages of mouse 
development. 




p«t 




Fig. 1. Simplified diagrams of recombinant plasmids used for microii^ection of mouse embryos. 
The Eco RI site of pBR322 is marked at 0 kb for reference. 
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Two recombinant plasmids were usi 
for microinjection. The first, designate 
pST6 (5), was composed of the Hind II 
C restriction endonuclease fragment of3 
SV40 virus and the herpes virus thymi 
dine kinase (TK) genes cloned in plasmi 
pBR322; the second, pif (6), contained! 
human leukocyte interferon complement' 
tary DNA (cDNA) also cloned in 
pBR322 (7). A simplified diagram of each 
plasmid with its relevant restriction sites^' 
is shown in Fig. I. Between 1000 and 
35.000 copies of each plasmid were in- 
jected into each zygote. All microinjec- 
tions were carried out as described (5). - 

The feasibility of producing such ge- 
netically transformed mice, which we 
call ''transgenic'* mice, depends upon 
several factors. Our experience has been 
that higher copy number gives a higher 
rate of transformation, but that the vis- 
cosity of concentrated preparations in* 
creases embryo mortality at the time of 
injection. Injection of 1000 copies of 
pST6 gave a survival rate of 50 to 70 
percent with a third of the survivors 
eventually giving rise to live young. 
About 1 in 30 of such young retained 
transferred genes (5). When 30,000 
copies of this plasmid were injected, 
embryo survival was reduced to 30 to 50 
percent, but ! in 15 mice retained the 
sequences. The pIf plasmid is smaller 
than pST6 and was therefore more easily 
injected. Survival of microinjection of 
10,000 copies of this plasmid varied be- 
tween 50 and 75 percent. Ten mice were 
bom from 33 embryos thus far implant- 
ed, a rate which compares well with 
survival rates of embryos injected with 
pST6 (J). Of these ten mice, one was 
transgenic. This rate appears higher than 
that obtained from pST6 injections, but 
statistically significant numbers allowing 
a rigorous comparison of these experi- 
ments are not yet available. 

Southern biot hybridization has been 
used to evaluate plasmid sequences in 
newborn and adult mice (5, 8^10). In the 
case of adults, DNA was extracted from 
spleens. Whether or not the donor mate- 
rial was integrated into the host genome 
was assessed by three criteria: (i) the 
acquisition of resriction sites in the host 
genome but not in the recombinant plas- 
mids, (ii) the mobility of plasmid se- 
quences in agarose gels when the DNA 
applied to the gels was undigested, and 
(iii) the ability of the plasmid sequences 
to be transmitted through the germ line 
to succeeding generations. 

Two mice (73 and 9.02) iryectcd with 
cither pST6 or pST9 (pST9 is identical to 
pST6 except that the orientation of the 
SV40 insert is reversed) and one mouse 
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(If-4) injected with pif retained plasmid 
sequences whose restriction patterns 
were consistent with integration. When 
undigested, the DNA of all three mice 
gave single bands of high molecular 
weight upon filter hybridization. This 
result suggests an association of the plas- 
mid sequences with high molecular 
weight DNA. When cut with the restric- 
tion enzymes Xba I and Xho I, which do 
not recognize sites in either recombinant 
plasmid, DNA from mice 9.02 and 73 
again gave single high molecular weight 
bands. The mobility of these bands could 
not be distinguished from each other or 
from that of the band produced by undi- 
gested DNA. Digests with enzymes that 
excise internal fragments of pST6 and 
pST9 showed no evidence of concata- 
merization of the plasmid in DNA from 
mice 73 and 9.02. These high molecular 
weight bands were thus suggestive of 
integration. When digested with Xba I, 
DNA from mouse If-4 yielded a single 
band of 13.5 kilobases (kb), a much 
larger size than the original 5.2-kb plas- 
mid. These patterns are again consistent 
with integration into the host genome at 
a single site. However, these results do 
not conclusively demonstrate covalent 
association of the plasmid with the host 
DNA. 

Double digests of the DNA from mice 
9.02 and 73 provided additional evidence 
for integration. The first digest, with 
Bam HI, was followed by digests with 
Xba I or Xho I (Fig. 2). The 7.8-kb Bam 
HI band in mouse 73 was converted to 
5.6 kb by Xba I. Simiiariy. the 18-kb 
band in mouse 9.02 was reduced to 15 kb 
by Xba 1. These alterations in mobility 
indicate the acquisition of Xba I sites, a 
result consistent with integration. 

Similar results permitted the same 
conclusion regarding the state of pIf se- 
quences in the spleen DNA of animal If- 
4. A partial digest with Xba I yielded 
several high molecular weight bands af- 
ter hybridization with the plf probe {Fig. 
3c). The smallest of these bands, 13.5 kb, 
was the only band produced by a com- 
plete digest with Xba I. The latter pat- 
tern obtained by partial digestion indi- 
cates linkage of the plasmid to DNA 
sequences containing multiple Xba I 
sites. The I3.5-kb band was generated by 
cutting at the Xba I sites closest to the 
point of attachment of the plasmid. 
whereas the larger fragments were pro- 
duced when one or both of these closest 
si^es was not digested, but more distant 
sites were cleaved. These results thus 
demonstrate for all three mice that plas- 
mid DNA had become ligated to host 
genomic sequences, but they do not con- 
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clusively demonstrate integration into a 
host chromosome. A satisfactory test of 
this possibility is breeding of the trans- 
formed adult. Integration into a single 
chromosomal homolog should result in 
Mendelian transmission of the plasmid 
sequence as a heterozygous marker. 



Since mice 73 and 9.02 were killed at 
birth, only mouse If-4 could be subjected 
to progeny testing. 

We applied this test to the adult mouse 
If-4, and the results obtained were con- 
sistent with chromosomal integration of 
the injected plasmid. This mouse was 




Fig. 2. Digestion of DNA from mice 73 and 9.02 with 
Bam HI (lane 1), Bam HI plus Xba 1 (lane 2), and Bam Hi 
plus Xho I (iane 3). This experiment was performed 
because the single bands generated by Xba i and Xho I 
alone were so large that iheir mobilities couid not be 
distinguished from each other or from the band produced 
by undigested DNA. Thus, although these large bands 
were consistent with imegration, they did not rule out the 
possibility that the plasmid DNA existed as a large 
independent piece without sites for Xba I or Xho I. 
Cutting first with Bam HI produced smaller bands whose 
mobilities were altered to a greater degree by a given change in size. The association of the 
plasmid with DNA containing Xba I sites was therefore more readily demonstrated when 
Bam HI digestion was performed prior to Xba I. Clearly Xba I alters the Bam HI pattern in 
both mice. Although the Xba I digest did not proceed to completion in mouse 73, almost ail of 
the 7.8-kb Bam HI band was converted to 5.6 kb by Xba I, The 18-kb Bam HI band in mouse 
9.(J2 was altered to 15 kb by Xba I. Thus, at least 2.2 kb of genomic DNA was ligated to plasmid 
sequences in mouse 73, and 3 kb of genomic material was ligated to plasmid DNA of mouse 
9.02. As expected, dougle digests of the positive control {PC) did not alter the Bam HI pattern. 
Failure of Xho I to alter the mobilities of the Bam HI fragments indicates that the genomic 
portions of these fragments did not contain Xho I sites. Positive controls in these and all other 
experiments were formulated by adding purified plasmid to DNA from uninjecied mice at a ratio 
of 1 to 10*, by weight. 





c 
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Fig. 3. Spleen DNA from mouse If-4 and six 
progeny digested (a) with Bam HI, (b) Pvu II. and 
(c) Xba I, and then probed with plf. Subsequent 
complete Xba I digests of mouse lf-4 and offspring 
.02 produced the same 13.5-kb band observed in the other samples. These digests demonstrate 
germ line transmission of plf sequences, (d) Pvu II digest of spleen DNA from mouse If-4. its 
offspring mouse .04 and eight progeny of .04. Of these eight second-generation progeny mice. 2 
and 6 show inheritance of plf sequences; FC indicates the positive control: NC a negative 
control. 
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crossed to an un injected male. Nine of 15 
progeny from three litters thus far tested 
have inherited the pif-de rived se- 
quences. The numbers of offspring with 
these sequences in each litter were six of 
six, zero of four, and three of five. The 
second litter was killed at birth and 
therefore the sex of the litter members 
was not examined; however, the sex 
ratios of the first and third litters were 
normal (three mates out of six, and two 
males out of five). That all of the first six 
mice showed the sequence and all of the 
next four did not was unexpected, but is 
best explained as a statistical anomaly. 
The ontogenic history of the mouse pri- 
mordial germ cell is such that randomiza- 
tion of this cell population occurs prior 
to entry into genital ridge. At present, 
there is no evidence that suggests a spe- 
cial relation between oocytes ovulated 
during any particular estrous cycle. 

Consistent with the notion that the 
sequences were inherited is the observa- 
tion that the restriction patterns of the 
DNA from the offspring were indistin- 
guishable from those of the parent. Di- 
gestion with Bam HI» Pvu II. or Xba I 
gave identical patterns in parent and 
offspring (Fig. 3, a to c). Particularly 
persuasive is the digest with Xba I; a 
partial digest of one of the offspring's 
DNA and of mouse If-4 gave the same 
multiple bands (Fig. 3c). This result 
shows that not only are the closest Xba I 
sites in parent and offspring located at 
similar distances from the plasmid se- 
quences, but more distant sites are also 
similarly or identically spaced. Subse- 
quent complete Xba I digests of If-4 and 
offspring No. 2 resulted in a single band 
of the same size as the other five off- 
spring {data not shown). These results 
provide evidence that the pif sequences 
were integrated into a host chromosome. 

The introduction of foreign DNA in a 
mouse chromosome without disruption 
of the meiotic process presents the possi- 
bility of producing large colonies of mice 
carrying transferred sequences. This ca- 
pability is essential for many kinds of 
studies of gene transfer into mice. The 
production of such a colony, however, 
requires that the transferred material re- 
main stable in the genome over several 
generations. We tested the stability of 
the pif-derived sequences in the If-4 line 
by breeding one of its offspring to an 
uninjected male mouse to produce F2 
progeny. Whole animals were killed; and 
their DNA v/as extracted, digested with 
Pvu II, and subjected to filter hybridiza- 
tion with pIf as the probe. Two of the 
first eight offspring produced by one of 
the F, mice showed clear homology to 
the probe, with a restriction pattern in- 



distinguishable from the Fi parent or 
from the original transformed mouse « If- 
4 (Fig. 3d). This second generation of 
germ line transmission constitutes evi- 
dence for the stability of the transferred 
material. 

The integration of plasmid sequences 
and their transmission to offspring 
means, for example, that mice can be 
backcrossed to produce homozygotes 
for the transferred sequences, making 
possible the study of crossover events 
within a DNA segment whose sequence 
is well defined, and facilitating mapping 
studies by both Mendelian and somatic 
ceil genetic approaches. Sequences pres- 
ent in small organs can be studied by 
pooling tissue from many animals. 
Breeding tests can also be used to deter- 
mine whether genes transferred into 
mice are integrated randomly or repro- 
ducibly into a specific site. This issue is 
of importance if attempts at gene re- 
placement are to be made. 

Our data, as well as those from several 
other laboratories, indicate promise for 
the technique of pronuclear injection for 
studying gene action during mammalian 
development. Our initial report that such 
injections could succeed in transferring 
genes into developing mice has been 
confirmed {11-14). The successful trans- 
fer of human insulin into fetal mice by 
pronuclear ir\jection has been demon- 
strated (11); and subsequently, the reten- 
tion of the human p-globin gene in the 



DNA of fetal mice was described (72). 
Supporting evidence for germ line trans* 
mission of transferred genes has also 
been gathered (13, 14), and expression of 
genes injected into the pronucleus has 
been observed at late fetal stages and in 
aduh mice (/2, 14). 

Jon W. Gordon 
Department of Biology, Yale University, 
New Haven, Connecticut 06511 

Frank H. Ruddle 
Departments of Biology and Human 
Genetics, Yale University 
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High Levels of Intracellular Bombesin Characterize Human 
Small-Cell Lung Carcinoma 

Abstract. *' Small cells'* or "oat cells*' characterize a virulent form of lung cancer 
and share many biochemical properties with peptide'Secreting neurones. The 
neuropeptide bombesin is present in all small-cell lines examined, hut not in other 
lung cancer cell lines, suggesting that bombesinergic precursor cells in lung may 
give rise to this disease. 



Approximately 25 percent of all lung 
cancers arc smali-ccll (oat cell) carcino- 
mas (SCCL), a clinicopathoiogical enti* 
ty, distinguished from other **non-smail- 
ccir* lung cancer histologic types (epi- 
dermoid, adenocarcinoma, and large-cell 
carcinoma) by its characteristic mor- 
phology, tendency to metastasize early 
and widely, frequency of ectopic hor- 
mone secretion, and responsiveness to 
chemotherapy and radiotherapy (/). 
Well-characterized, clonablc SCCL tis- 
sue culture lines have greatly advanced 
our knowledge of the biology of SCCL 
(2). These SCCL lines are distinguished 
from those of the other lung cancer types 
by the presence of neurosecretory gran- 
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ules, frequent polypeptide hormone se- 
cretion, high levels of L-dopa decarbox- 
ylase, high levels of the isoenzyme of 
creatine kinase found in brain, and neu- 
ron-specific enolase, as well as a lack of 
substrate adhesion and characteristic 
growth factor requirements (2-^). Amine 
precursor uptake and decarboxylating 
(APUD) cells consist of a widely distrib- 
uted network of neuroendocrine cells 
programmed to secrete certain amines 
and polypeptide hormones (5); SCCL 
and the more benign pulmonary carci- 
noids are presumed to arise from normal 
APUD cells in the respiratory tract (6). 
We now report that the 17 SCCL culture 
lines tested have high quantities of intra- 
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L INTRODUCTION 

The last three decades witnessed a rapid advance of the application of gencttc 
engineering techniques for increasingly complex organisms, from single-cell 
microbial and eukaryotic culture systems to multicellular wliole-animnl systems, 
1lic whole animal is generally recognized as an essential tool for biomedical and 
biological research, as well as for pharmaceutical development and toxicological/ 
safety screening technologies. Moreover, an understanding of the developmental 
and tissue-specific regulation of gene expression is achieved only through in vivo 
wholc-ajiimal studies. 

Today, Iransgcnic animals embody one of the most potent and exciting 
research tools in the biological sciences. "Dransgenic animals represent unique 
models that arc custom tailored to address specific biological questions. Hence, 
ihc ability to iulroduce functional genes into animals provides a very powerful 
tool for dissecting complex biological processes and systems. Ocne transfer is of 
particular value in those animal species, where long life cycles reduce the value 
of classical breeding practices for rapid genetic modification. For iduniificaiion 
of interesting new models, genetic screening and characterization of chance 
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muuttons remains a long and arduous task. Furtliennore, classical genetic mon- 
itoring cannot engineer a specific genetic trait in a directed fashion. 

n. HISTORICAL BACKGROUND 

In the early 1980s, only a handful of laboratories possessed the technology nec- 
essary to produce transgenic animals. With this in mind, this text is envisioned as 
a bridge to the development of various transgenic animal models. Hic gcue trans- 
fer tedniology that is currenlly utilized in laboratory and domestic animals was 
pioneered using the mouse model Today, the mouse continues to serve as a start- 
ing point for implementing gene transfer procedures and is the standard for opti- 
mizing experunental efficiencies for other species. Inherent species differences 
are frequcnUy discounted by researchers who are planning studies with a more 
applicable species model However, when one attempts to compare experimen- 
tal results generated in mice to those obtained in other species, not surprismgly, 
many differences become readily apparent. Therefore, an objective of this text 
will be to address the adaptation of relevant protocols. 

When initiating work related to gene transfer, it is important to look at the 
rapid advancement of a technology that is still primitive by many standards. From 
an liistorical perspective, one readUy contemplates potential technologies and 
methods that He just ahead. Whereas modem rccorabmant DNA techniques are 
of primary importance, the techniques of early mammalian embryolofiists were 
cnicial to tlie development of gene transfer technology. While we can look at just 
over two decades of transgenic animal production, the preliminary expenmeuts 
leading to this text go back millennia to the fust efforts to artificially regulate or 
synclironizc cmbiyo development. More recently, we observed the centennial of 
the liTSt succctisful embryo transfer experiments, dating back to tiie effoits first 
published in the l880s and to Hcape's success m 1891. By the time the studies 
by Hammond were reported in the late 1940s, culture systems were developed 
that sustained ova through several deavage divisions (see Hammond, 1949). Such 
methods provided a means to systematically investigate and develop procedures 
for a variety of egg manipulations. These early studies led to experiments that 
ranged from mixing of mouse embryos and production of chimeric animals, to 
the transfer of inner ccU mass cells and teratocarcmoma cells, to nuclear trans- 
fer and the first injections of nucleic acids into developing ova. Without the ability 
to culture or maintain ova m vitro, such manipulations or the requisite insiglits 
would not be possible (see Briaslcr and Palraitcr, 1986). 

In 1977, Gurdon transferred mRNA and DNA into Xcnopus eggs and 
observed that die transferred nucleic acids could function in an appropriate 
manner. Hiis was foUowed by a report by Brinstcr et al (1980) of similar 
studies in a mammalian system, using fertilized mouse ova in initial experiments. 
Here, using rabbit globin mRNA, an appropriate translational product was 
obtained. 
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Major turning points in science continue to accelerate at an Incredible pace. 
Hie technology available in 1994 has developed considerably and, as predicted, 
a number of areas do appear antiquated today. It is amnxing to look back at the 
major events related lo genetic engineering of animals and how our ability to 
manipulate ihc genome has come so far. 

The production of iransgenie mice has been hailed as a seminal event in the 
development of animal bio technology. In reviewing ihc early events leading to 
the first genetically engineered mice, it is fascinating to note that the entire pro- 
cedure for DNA microinjection was described over 35 years ago. While some 
progress seems cxtiemely rapid, it is still difficult to believe that, follovnng the 
first piibhshed report of a microinjeclion method in 1966 (Lin, 1966; see Figs. 1 
and 2), it would be 15 years before transgenic animals were created. The five pio- 
neering Itiboratories that reported success at gene transfer (Gordon et al, 1980; 




FIGURE 1 Microinjection oi m\frinc zygotes, ITic initial procedures (or DNA micrcrinjecUon were 
outlined in llcrii, /.ygoics arc being injected With Oil dropleib'.Tlie zygotes siuvivtsd This mcchan- 
icnl li-^iuina, from Use o£ holdirtg pipe ties to insei'iioji of cui injcctioQ pipette. (Reprinted with pur- 
luissioji from lin^ 1906.) 
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WG U UK 2 Microinieciioii of muriae zyeotes. As described iu the 1 966 paper by I.jn, iyguuw sur- 
vived nol only ilic fflechaoical tf»vma assocwM with the ruJimentaiy injection procedures but tlie 
injection of a bovine ig-jlobuUn BolutJon as well. (Reprinted with pcmiixsion from Lin, l%6.) 
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Waguer ct al, 1981a,b; Harbers ei al, 1981; Brinster et al, 1981; Costantini and 
Laq^, 1981; Gordon and Ruddle, 1981) would not have been able to do so were 
it not for the recombinant DNA technologies necessary to develop protocols 
or docuTTicnl rcsulLs. In gene transfer, animals carrying new genes (integrating 
fOTtiign DNA segments into their genome) are referred to as ''transgenic^" a term 
furst coined by Gordon and Ruddle (1981). As such, transgenic animals were rec- 
ognized jiS specific variants of species following the intj-oduction and/or integra- 
tion of a new gene or genes into the genome. As for many technologies, the 
definition of transgenic animals has taken on a broader meaning and perspective 
that Is more inclusive and includes animals either integrating foreign DNA seg- 
ments into their genome following gene tranfifcr or resulting from the molecular 
manipulation of endogenous genomic DNA. (Pinkcrt ef al, 1995), Yet, as out- 
Imed by Beaidmorc (1997), this definition, too, is likely to be refined as wc move 
forward. 

ITicrc are now hundreds of excellent reviews that detail the production of 
tr«n."3genic animals^ in addition to a journal, Transgenic Research^ which is dedi- 
cated to this field. In the first edition, readers were referred to now classical 
reviews by Hrinster and Palmiter (J 986), Biirki (1986), Camper (1987), Coidaro 
(1989), Mrsl and Haseltine (1991), Grosveld and Kollian (1992), Hogan et al, 

(1986) , Palmiter and Brlnstcr (1986), Pattengalc ct al (1989), Pmkeit (1987), 
Finkert et al (1990), Purscl et al. (1989), Ru5cx>m (1991), Scangos and Bicbcrich 

(1987) , and Van Brunt (1988)]. However, to me, tlie singular effort with the great- 
est inflacncc on propelling this technology would not be among the initial reports 
just described. Rather, early work of Richard Pulmiter and Ralph Brlnstcr related 
to growth performance and the dramatic phenotype of growth hormone trans- 
genic mice (Fig. 3) subsequently iniluenced the emerging field in a most com- 
pelling manner for both basic and applied sciences (Polmiter et ai, 1982, 1983). 



Ill, APPLICATIONS AND OVERVIEW OF TEXT 

Scicntisis have envisioned many potential studies and apphcations^ if an animal 
genome could be readily modified Therefore, the xcahzation of the many tech- 
nologies at hand today has opened new avenues of research promise. Production 
of transgenic mice marked the convergence of previous advances in the areas of 
recombinant DNA technology and miuiipulation and culture of animal cells and 
embryos. 'Iransgenic mice provide a powei-ful model to explore the regulation of 
gene expression as well as Uie regulation of cellular and physiological processes. 
The use of transgenic animals in biomedical, agiicultural, biological, and biotech- 
nological arenas requires the ability to target gene expression and lo control the 
timing and level of expression of specific genes. Experimental designs have taken 
advantage of the ability to direct specific expression (including cell types, tissue, 
organ type, and a multiplicity of internal targets) and ubiquitous, whole-body 
expression in vivo. 
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FIGURE 3 Produclion of Iransficnic mice haiborin^ a^rowUi honnojie (GH) fusion conAlxiicU 
Animals liarboiiug the GH transgenc and expressing tbc OH gene product grew 3t a iRtc 2^ to 
4-fuld grcnter thnn cot)Lto1 liitcrmAtcs, rcaclilng a mature weight twice that of coulrols. Thiti dramatic 
phejiotypc led the way for the exponential development of gene transfer technology, (Reprinted wirh 
ps;rmik*iion from Piilmitcr et aL 1982.) 



From embryology to virology, tha iipplicnlions of transgenic niice provide 
models in many disciplines and research areas. Examples include the foUowmg: 

• Gtneiic bdsca of human and animal disease and the design and testing of 
strategies for therapy. Maay human diseases either do not exist in animals 
or are developed only by "higher" mammals, making models scarce and 
exjxinsivc. Many times, an annual model docs not exist and the rationale for 
development is lunited. 
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■ Disco:^e resistance in humans and anirnak From a basic research and ethical 
standpoint, it is imperative thai we develop models for enhancing charac- 
teristic well-being. 

• Gene therapy. Models for growth, immunological, neurological, reproduc- 
tive, and hematological disorders have been developed. Circunivention and 
correction of genetic disorders are now possible to address using a vaiiety 
of experimental methods. 

• Dni^i ami product/testing screening. Toxicological screening protocols are 
already in place that utilize transgenic animal systems. For preclinical drug 
developmenl, from a Xundamentnl research perspective, a whole-animal 
model for screening is essential to understanding disease etiology, invesli- 
gating drug pharmiicokinetics, and evaluating therapeutic efficacy. A com- 
parable imd validated need is crucial to product safety testing as well. 

• Novel product development through "molecular farming/' In domestic 
nninials, biomedical proteins have been targeted to specific organs and body 
flnidss with reasonable production efficiencies. Tissue plasminogeu aclivator 
(TPA), human factor TX, and human al antitrypsin are a few products pro- 
daccd ui transgenic animals that are currently in different stages of valida- 
tion and commercialization. 

• Production agriculture. Long tenn, it may become possible to produce 
animals with cnlianced characteristics that will have profound influences on 
the food we eat, influences ranging from production efficiency to the inher- 
ent safety of our food supply. 

The numerous stiatcgies for producing genetically engineered animals extend 
from mechanistic (e,g,, I WA microinjection; embryonic stem cell-, nuclear trans- 
fer or retrovirus-mediated transfer) as well as molecular (cloning) tcclmiques. As 
the chapters of lliis text unfold, it wUl be apparent that the technology has 
extended to a variety of animal species in addkion to the mouse, including the 
production of transgenic rats, rabbits, swine, ruminants (slieep, goats, and catUe), 
poultry, and fish. Although genetically engineered amphibians, insects, nematodes, 
lower e'ukaryotes and prokaryotes, and members of the plant kingdom have been 
acknowledged in the litcratui-e, such models are beyond the scope of this text. 

Advances in the understandhig of promoter-enhancer sequences and exter- 
nal iranscriplion^rcgulatory proteins involved in the control of gcrte expression 
continue to evolve using different model sysleitis. In the systems explored in this 
text, gene transfer technology is a proven asset in science as a means of dissect- 
ing gene regulation and expression in viw. However, the primary question that 
is addressed concerns the particular role of a single gene in development or in a 
given developmental pathway. With this caveat, considerations include the ram- 
ifications of gene activity— from intracellular to inter- and extracellular events 
within a given tissue or cell type milieu. Normally, gene function is influenced by 
cw-acting dements and rr*!n.s-acting factors. For transferred genes, the as- and 



JUN-30-04 WED 10:37 AM FEDEROFF ADM 



FAX NO. 17167567665 



P. 12 



10 CA,Pinkcrt 

nwiJ-aclivatOis in conjunction with the gene iutegratiou/inserlion event within 
the host genome influence regulation of both endogenous and transferred genes. 
Using genes that code for (or are composed of) reporter proteins (e,g,, growth 
hormone or Uic7, constructs), analysis of transgenic animals has revealed the 
importance of those three factors in determining the developmental liming, effi- 
ciency, and tissue dislribution of gene cjcpression. Additionally, transgenic 
animals have proved quite useful in unraveling in vivo artifacts of other model 
systems or techniques. 

Although gene transfer technology continues to open new and unexplored 
biological frontiers, it filso raises questions concerning regulatory and commer- 
cialization issues. It is not within the scope of tliis text, hov/cvcr, to fully address 
these issues. Suffices it to say that a number of issues exist and will continue to 
plague the development of many of the systems described herein. Major aspects 
of the regulation of this technology will focus on the following issues as we begin 
the twenty-first century: 

• Environmental impact following "release** of transgenic animals 

• Public perceptions 

■ Ethical considerations 

• Legislation 

■ Safety of transgenic foodstuffs 

■ Patent aspects and product uniformity/economics 

Contrary to the early prospects related to mainstreaming of this technology, 
ihore are numerous societal challenges regarding potential risks that are still 
ahead. The potential risks at hand in 1994 are still with U5 today They still can 
be defined by scientific evidence but also in relation to public concern (whether 
perceived or rcal).Tlicreforc,thc central questions will revolve around the proper 
safeguards to employ and the development of a coherent and imified regulation 
of the tecluiology. Can new animal reservoirs of fatal human diseases be created? 
Can more vinilent pathogens be artificially created? What is the environmental 
impact of the "release" of genetically engineered animals? Do the advantages of 
n biocnginecred product outweigh potential consequences of its use? These are 
but a few of the questions Uiat researchers cannot ignore and must approacli. 
Tliey arc not alone, however, as the many regulatory hurdles that exist today will 
challenge not only scientists and policymakers, but sociologists, etliicists, and legal 
scholars as well 

I1ic chapters in this text outline the basic techniques tliat various laboratories 
currently use to develop transgenic animals. The methods Ui?cd to initiate exper- 
iments, develop vector systems, maintain animals (and the associated husbandry 
and experimental needs), and analyze and evaluate animals, with the requisite 
strategies to enhance experimental efficiency, arc described at each step of exper- 
imentation. Discussion of all intcrlaboratory variations for each proa^durc is not 
foiisihle. As the chapter authors have learned, the strategies associated with the 
produclion of transgenic animals are quite variable, even between laboratories 
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that iililis'* the same systenis. TTiercforo, In some instances, alternatives to 
published and comtnonly used techniques arc presented. However, most of Ihe 
techniques for extensions to odier systems arc unique and timely for new 
investigators. The overall efficiency of many procedures will vary, as will Ibc 
cost-benefit ratios, but do not let the mechanics of experimentation outweigh the 
most important reason that one enters into these studies (unless you are a POSt- 
doctoral fellow looking for a niche and eventual job placement), which is the 
development and characterization of a biological model with specific ulihty. 

Our goal is to iUustratc a number of variations or novel methods which differ 
from the standard protocols outlined in detail for the mouse (some of the earlier 
references on embryology and micromanipulation of ova arc listed m the refer- 
ences and include Rafferly, 1970; Daniel, 1971; Burki. 1986; and Hogan et aL, 
1994) nic organization of this text is designed in a manner to assist those 
interested in ilevcloping an understanding of the basic species differences m 
transgenic animal research. 

For the novice or new trainee, as weU as for tlie experienced researcher, this 
text should influence proficiency and ultimately help provide an increase in 
overall productivity- From those wishing to develop a transgemc animal rescardi 
program, this text wiU provide an overview of the rcquhemcnts needed for devel- 
opment of a comprehensive gene transfer program. ^ ^ , ^ a 

'Iherc w only one take-home message to readers beyond the development of 
a desired biological model. An appreciation for the effort involved m each step 
of experiinenlalion is most important in order to see a project through, from its 
design and implemcjitation to the vaUdation of a defined animal model. Ftom a 
personal standpoin^ one cannot discount the equal importance of the many unre- 
lated disciplines, from molecular to whole-animal biology, and the necessary 
training to ensure the overall success of transgenic animal technology. 
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Summary 

A fusion plasmid, pMK, containing the mouse me- 
tatlothioneln-l promoter/regulatory region Joined to 
the structural gene of herpesvirus thymidine kinase, 
was introduced into mice by microinjection into 
fertilized eggs followed by reinsertion of the eggs 
into foster mothers. Fifteen percent (10 of 69) of 
the mice developing from this procedure carried 
pMK sequences. Seven of these mice expressed 
high levels of viral thymidine kinase In the liver. This 
enzyme is Inducible by heavy metals, as indicated 
by assay of thymidine kinase activity following se- 
quential partial hepatectomies with or without cad- 
mium treatment. However, glucocorticoid treatment 
has been ineffective In all transgenic mice tested. 
The pMK sequences are extensively methylated at 
a variety of restriction sites. Indicating the existence 
of a de novo methylatlon enzyme. We have analyzed 
the Inheritance of pMK sequences and their expres- 
sion in several pedigrees. These fusion genes are 
inherited as though they were integrated into a 
single chromosome; however, their expression may 
be extinguished, diminished or enhanced In the 
offspring relative to that of the parent. In some 
animals there is a correlation between changes in 
DNA methylatlon and expression of these fusion 
genes. 

Introduction 

DNA has been introduced into animals by microinjec- 
tion of fertilized eggs and then innplantation of these 
eggs into the reproductive tracts of pseudopregnant 
females (Gordon et al., 1980; Brinster et al.. 1981; 
Constantini and Lacy. 1981; Harbers et al., 1981; 
Rusconi and Schaffner, 1 981 ; E. Wagner et al.. 1 981 ; 
T. Wagner et al.. 1981). Analyses of the DNA In the 
adults that develop from these eggs reveal that up to 
40% of them may retain injected DNA and that the 
sequences are often tandem ly duplicated. Mice that 
retain DNA introduced in this manner have been called 
transgenic mice (Gordon and Ruddle, 1981). In one 
case, the DNA was shown by in situ hybridization to 
be integrated into one of the mouse chromosomes 
(Constantini and Lacy, 1981). Consistent with the 



chromosomal integration of injected DNA are the ob- 
servations that it is detected in a variety of tissues 
examined and that it is passed on through the germ 
line as expected for chromosomal inheritance. In 
some cases the acquired genes are also expressed 
(Brinster et al., 1981; E. Wagner et al„ 1981; T. 
Wagner et al.. 1981). This microinjection approach 
allows access to a number of important developmental 
problems and provides a means of Introducing new 
genetic traits into animals, ideally, conditions should 
be found that optimize both stable integration and 
expression of injected genes. Longer-range goals in- 
clude site-specific integration and tissue-specific 
expression. 

To investigate some of these questions, we have 
constructed a plasmid. pMK. that fuses the promoter/ 
regulatory region of the mouse metaltothionein-l (MT- 
I) gene to the structural gene of herpes simplex virus 
(HSV) thymidine kinase. This fusion gene is desig- 
nated MK, and mice that express this gene are called 
MaK if they are males and MyK if they are females, 
followed by the number of their foster mother. This 
gene is particularly advantageous for these studies 
because part of it is homologous to the endogenous, 
unique-sequence MT-I genes, thus potentially allow- 
ing integration by homologous recombination, while 
the HSV thymidine kinase part is foreign to the mouse, 
thereby providing an easy means of detection by 
hybridization. The HSV thymidine kinase enzyme can 
be distinguished from endogenous thymidine kinase 
by a number of methods (Brinster et al.. 1981). The 
MT-i gene is transcriptionally regulated by heavy met- 
als and glucocorticoid hormones both in vivo and in a 
variety of cell lines (Dumam and Palmiter. 1981; 
Hager and Palmiter. 1 981 ; Mayo and Palmiter. 1 981 ); 
thus we expected that this fusion gene might be 
regulated similarly. Indeed, we have shown that 
expression of the MK gene is regulated by cadmium 
when it is either transfected into mouse L cells (Mayo 
et al.. 1982) or injected into mouse eggs (Brinster et 
al.. 1982). Deletion mapping reveals that the minimal 
DNA sequence required for heavy metal regulation 
lies within 90 bp of the transcription start site (Brinster 
et al., 1982). Although MT-I mRNA is present and 
inducible in most mouse tissues, the amount of MT-I 
mRNA varies considerably from tissue to tissue (Dur- 
nam and Palmiter, 1981). These tissue-specific differ- 
ences in MT-I gene expression provide a rich back- 
ground against which the expression of acquired MK 
genes can be compared. 

Previously we showed that one transgenic mouse 
resulting from the injection of pMK had a high level of 
HSV thymidine kinase activity (Brinster et al., 1981). 
We have analyzed six more transgenic mice that ex- 
pressed HSV thymidine kinase, and have focused on 
the following questions: Is the frequency of obtaining 
mice that express HSV thymidine kinase correlated 
with the DNA construction injected? Are the MK genes 
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regulated by heavy metals or glucocorticoids? Does 
HSV thymidine kinase activity correlate with MK-gene 
copy number? Are MK genes transmitted to progeny, 
and do the progeny express these genes in the same 
way as their parent? If not, does HSV thymidine kinase 
expression in the offspring correlate with loss or rear- 
rangement of MK sequences? Does injected DNA 
become methylated? If so. are specific sequences 
methylated in a consistent manner from animal to 
animal; does the methylation pattern correlate with 
t/K gene expression; and is it stable in subsequent 
generations? 

Results 

Expression of HSV Thymidine Kinase Activity 

Table 1 summarizes the results obtained from the 
"seven mice that expressed HSV thymidine kinase 
activity out of 69 mice that developed from eggs 
injected with pMK. Four different DNA constructions 
were tried: circular plasmid pMK; pMK linearized with 
Bam HI; Bam Hl-cut pMK ligated with a sixfold weight 
excess of Bam Hl-cut mouse DNA; and a blunt-ended, 
linear 2.1 kb Bst Ell fragment containing the MK gene 
(see Figure 1). In anticipation of heavy metal regula- 
tion of MK gene expression, the mice were injected 
with CdSO* 18 hr prior to partial hepatectomy and 
thymidine kinase assay. Thymidine kinase activity Is 



expressed both in absolute terms and as the ratio of 
activities without and with an antibody specific for 
HSV thymidine kinase (Brinster et a!., 1 981 ). Although 
the parameters generally parallel each other, it is 
Important to measure both because the endogenous 
thymidine kinase activity in the liver declines dramat- 
ically after birth, and the mice were assayed at differ- 
ent ages. Table 1 shows that 7 out of 10 mice that 
retained pMK sequences expressed viral thymidine 
kinase with activities that ranged from 4 to 70 times 
the endogenous thymidine kinase activity. The endog- 
enous thymidine kinase activity of 62 mice assayed at 
comparable ages ranged from 0.5 to 1.5 cpm/jug/ 
min, and the activity ratio with and without antibody 
ranged from 0.7 to 1 .7. There was no obvious relation 
of HSV thymidine kinase activity to either the number 
of DNA copies present (see below) or the DNA con- 
struction Injected. 

Regulation of HSV Thymidine Kinase Activity 

To ask whether MK genes can be regulated in adult 
mouse liver, we surgically removed samples of liver 
following injection of either CdS04 or dexamethasone; 
controls were untreated. Serial hepatectomies were 
separated by atx)ut a month. The results (Table 2) 
indicate that cadmium induced HSV thymidine kinase 
activity 1 0 to 60 fold in four transgenic mice, whereas 
glucocorticoids were ineffective. In some experi- 



Table 1 . Summary of Transgenic Mice That Expressed HSV Thymidine Kinase 





l^aK-23 


MaK-116 


MyK-67 


MaK-67 


h4yK-84 


MyK-103 


MaK-113 


Total 


No. of MK genes per cell* 


8 


2 


2 


150 


100 


1 


32 




DNA construction'* 


A 


A 


c 


c 


0 


B 


B 




No. of mice that expressed HSV 
thymidine kinase 


2 




2 




1 


2 




7 


No. of mice carrying pMK sequences 


5 




2 




1 


2 




10 


Total no. of mice analyzed 


14 




35 




5 


15 




69 


Thymidine kinase activity 
cpm/^g/min 
-Ab/+Ab ratio*' 


122 
30 


10.8 
7.2 


68 
11 


74 
71 


62 
17 


18.5 
10.0 


5.5 
4.2 




No. of offspring that expressed HSV 
thymidine kinase 


0" 




0* 


2v 


12*^ 


3' 


V 




No. of offspring that carried pMK sequences 




3 


4 


34 


14 


3 


2 




Total no. of offspring analyzed 


0 


11 


9 


54 


32 


35 


10 





• Gene copy number was estimated from dot blots (as described In Figure 2) or restriction digests. 

A: supercoHed pMK. B: pMK linearized with Bam HI. C: pMK linearized with Bam HI and ligated with a sixfold excess of Bam-cut mouse DNA, 0: 
linear 2.1 kb Bsl Ell fragment, blunt-ended with Klenow fragment of DNA polymerase I (see Figure 1). 

Total thymidine kinase activity divided by the residual activity remaining after addition of excess antisera to HSV thymidine kinase (see Brinster 
et al., 1981). For pMK-negative mice this ratio ranges from 0.7 to 1.7 (n = 62). 

No offspring. 

• The HSV thymidine kinase activities of the three offspring positive for MK sequences ranged from 49 to 79 cpm//ig/min. 

• All of the offspring died prior to thymidine kinase assay. 

« Only 13 of the 34 mice positive for MK sequences have been analyzed for thymidine kinase activity (see Figure 3). 

" Only 12 of the 14 mice that carried MK sequences have been analyzed; their thymidine kinase activities ranged from 13 to 451 cpm/pg/min. 
Thymidine kinase activity has been retained In the second generation of MyK-84-7 as well. 

' The thymidine kinase activities of the three offspring positive for MK sequences ranged from 10 to 106 cpm//ig/min. 

^ Only one of the two mice positive for MK sequences has been analyzed: Its thymidine kinase activity was the same as that of the mother. 
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Table 2. Regulation of HSV Ttiymidine Kinase Activity 



Thymidine 
Kinase Activity 
(cpm/;tg/mln)* 



Mouse 


Hepaleclomy 


Treatment 


-Ab 


+ Ab 


MaK-67 


Isl 


Cadmium** 


76.5 


1.1 




2nd 


None 


3.3 


1,5 




3rd 


Dexamettiasone** 


3 J 


2.2 


MyK-67 


1st 


Cadmium" 


68.3 


6.2 




2nd 


Dexamettiasone*' 


1.5 


1.1 




3rd 


Cadmium** 


55.0 


1.5 


MyK-84-9 


1st 


Dexamethasone*- 


3.0 


1.1 




2nd 


Cadmium^ 


28.0 


1,3 




3rd 


None 


3.3 


1,7 


MyK-103 


1st 


Cadmium" 


18.5 


1.6 




2nd 


Dexamethasone^ 


1.2 


0.5 



Measured as described by Brinster et al. (1961). Ab: antibody 
specific for HSV tiiymidine Kinase. 

" CdS04 (1 mg/kg) or dexamethasone (0.5 mg/kg) was administered 
1 8 hr before tiepatectomy. 

CdSO-i (1 mg/kg) or dexamethasone (O.S mg/kg) was administered 
1 8 and 4 hr before hepatectomy. 

merits, two injections of dexamethasone were given, 
and endogenous MT-I mRNA was measured to ascer- 
tain whether the regimen was effective. Under these 
conditions MT-I mRNA was induced to a level of 1 200 
molecules per cell, indicative of optimal treatment 
(Hager and Palmiter. 1981). 

Analysis of MK-Gene Copy Number 

Quantitation of DNA copies was accomplished by a 
dilution dot hybridization procedure. DNA from MK- 
posttive mice was serially diluted into normal mouse 
DNA. and 10 /zg was spotted onto nitrocellulose, 
baked and then hybridized with the Bgl-Eco probe 
that spans the thymidine kinase structural gene (Fig- 
ure 1). Figure 2 illustrates the technique with the 
seven mice listed in Table 1 and two of their offspring. 
Analysis of Southern blots suggests that MyK-1 03 has 
a single copy of pMK DNA. By comparison with MyK- 
1 03, we estimate that the DNA copy number in mice 
expressing MK genes ranges from 1 to 150. as indi- 
cated in Table 1 . 

Because of the sensitivity of this simple dot hybrid- 
ization procedure, we have now modified our general 
strategy such that the presence of pMK DNA can be 
analyzed without complicated surgery. We extract 
nucleic acids from the terminal quarter of the tail and 
perform a "tail blot'* as described in the Experimental 
Procedures. By including appropriate standards, we 
can readily discern a single insert. Animals that are 
positive for pMK are then analyzed for MK gene 
expression. 

Expression of MK Genes In Offspring of MaK-67 

Fifty-four offspring of MaK-67 have been analyzed for 
the presence of pMK DNA. Thirty-four carried the 
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Rgure 1 . Partial RestricHon Map of Plasmld pMK 
This 8.4 kb ptasmid was constructed by fusion of the mouse MT-I 
gene to the HSV ttiymidine kinase gene at ttieir unique Bgt II sites 
(see Brinster et al.. 1981). Wide box: the MT-I region. Thin box: the 
HSV thymidine kinase region. Thin line: pBR322. Solid boxes: region 
that Is expressed as mRNA. Arrow: the direction of transcription. The 
position of the restriction enzyme sites examined in this study are 
indicated. Italics: those that are sensitive to cytidine methytatlon. The 
pBR322 region is not drawn to scale. Only those Hha I and Hpa II 
sites that would be detected by the Rsa probe are shown; there are 
many more of these sites in the HSV thymidine kinase region (M. 
Wagner et al., 1981). ONA fragments corresponding to the three 
prot)es were isolated from agarose gels and nick-translated to high 
specific activity as described in the Experimental Procedures. 
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Figure 2. Dot Hybridization of DNA from Transgenic Mice 
The Indicated amounts of DNA were spotted onto nitrocellulose, 
baked and hybridized with the Bgl-Eco probe as described in the 
Experimental Procedures. MaK-67-6 and MyK-84-3 are offspring. 

same amount of pMK sequences as the father (as 
measured by dot hybridization), while 20 carried none. 
The pedigree and HSV thymidine kinase activity of the 
first 1 9 offspring are shown In Figure 3. Remarkably, 
the expression of pMK genes is variable: of 1 3 off- 
spring carrying MK sequences, one had moderately 
high activity, one had slight activity and 11 had no 
significant activity. A second hepatectomy was per- 
formed on four of the nonexpressers after a fivefold 
higher dose of CdS04. Again, the activity ratios re- 
vealed no significant HSV thymidine kinase activity 
(Figure 3). even though MT-I mRNA levels were In- 
duced to maximal levels (3500-7300 molecules per 
cell). To determine whether MK genes would be trans- 
mitted through the female germ line as well, and to 
ask whether MK gene expression might be reacti- 
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vated. we analyzed a second generation of offspring 
of two nonexpressing females, MaK-67-9 and MaK- 
67-1 1 . The MK genes segregated to half of the off- 
spring (9 of 1 9), but none of these offspring displayed 
significant HSV thymidine Kinase activity (Figure 3). 

Analysis of pMK DNA In MaK-67 and His Offspring 

A simple explanation for the variable expression of 
MK genes in the offspring might be that the offspring 
did not receive identical copies of the MK gene, per- 
haps as a result of integration into different chromo- 
somes of the father or because of rearrangement 
during meiosis or development of the offspring. Figure 
4 suggests that neither of these explanations is cor- 
rect, because the restriction pattern of the offspring 
that expressed HSV thymidine kinase (MaK-67-6 and 
MaK-67-8) was indistinguishable from that of offspring 
that did not express HSV thymidine kinase. Further- 
more, there was no obvious difference in the restric- 
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Rgure 3. Pedigree of MaK-67 

Solid symbols: distribution of MK gene sequences. Mice were injected 
with 1 mg/kg CdS04 1 8 hr before partial hepatectomy. Thymidine 
kinase activity ratios (wittiout antlsera against HSV thymidine kinase/ 
with antisera) are given under the symbols; four of the first-generation 
offspring were also assayed 1 8 hr after injection of 5 mg/kg body 
weight CdS04 (these thymidine kinase activity ratios are shown In 
parentheses). 



tion pattern between different tissues (liver and kid- 
ney) of the father and the offspring. MaK-67 devel- 
oped from an egg injected with pMK that had been 
linearized with Bam HI and tigated to a sixfold excess 
of Bam Hl-cleaved mouse DNA. This construction, 
coupled with the presence of many copies of pMK 
(Figure 2), explains the very complicated restriction 
patterns obtained (Figure 4). The band hybridizing 
most intensely in the Bgl II digest represents unit- 
length plasmid presumably derived from tandem re- 
peats of pMK. Bst Ell. which cuts twice within pMK, 
generates two intense bands representing fragments 
predicted from unlnteg rated or tandem repeats of 
pMK. The other bands may represent junction frag- 
ments of pMK with mouse DNA that was ligated either 
in vitro or at the site($} of integration. 

We also examined the inheritance of pMK se- 
quences by the second generation. Offspring of fe- 
males MaK-67-9 and MaK-67-1 1 had the same Bgl II 
restriction pattern as their mothers (Figure 4, inset). 
The segregation of MK genes in the first generation 
was skewed significantly (34 of 54), while in the 
second generation the segregation was 9 of 1 9. The 
observation that MK gene dose and restriction pattern 
are the same in ait offspring that receive any MK 
genes indicates that the MK genes are probably inte- 
grated into a single chromosome. 

Methylation of pMK DNA in MaK-67 and His 
Offspring 

We next asked whether pMK sequences become 
methylated, and If there are changes in the methyla- 
tion pattern that correlate with expression. Figure 5 
shows that both the Sma I (CCCGGG) sites and Sst II 
(CCGCQG) sites that lie within the Bgl-Eco probe are 
extensively methylated, as indicated by the fact that 
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Figure 4. Restrtction Analysis of DNA from 
MaK-67 and His Offspring 

Kidney or liver DNA (5 fig) was digested with 
Bgl 11 (left) or Bst Ell (right), subjected to 
electrophoresis on a 0.7% agarose gel, trans- 
ferred to nitrocellulose and hybridized with a 
probe that Includes the entire plasmid except 
the 1 kb Eco Rl-Kpn I region shown in Figure 
1 . (1-anes f) DNA from father; (numbered lanes) 
DNA from corresponding offspring. (Lane 
pMK) 1 00 pg plasmid DNA. (Inset) Bgl II re- 
striction pattern of the second generation — 
that is, offspring of MaK-67-9 and MaK-67-1 1 
(see Figure 3). The father and offspring MaK- 
67-6 and MaK-67-8 expressed HSV thymidine 
kinase (see Figure 3). (Lane markers) A DNA 
cut with Hind Ml and end-labeled. 
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in double digests with Eco Rl and either Sma I or Sst 
II the major hybridizing band corresponded to the 4.0 
kb band generated by Eco Rl alone. Controls showing 
the digestion of pMK by Sst II and Sma I were also 
carried out. The methylation pattern was identical in 
liver and l^idney DNA of MaK-67. We know that the 
sequences essential for cadmium regulation of MT-t 
gene expression lie within one hundred bases of the 
transcription start site (Brinster et al., 1982; Mayo et 
al., 1982); thus it seems plausible that methylation of 
specific residues in this region may affect MK gene 
expression. A probe that spans this region was used 
in the experiment shown in Figure 6. This probe also 
detects endogenous MT-I genes; hence controls 
showing the pattern obtained with DNA from a pMK- 
negative offspring, and the same DNA supplemented 
with the original pMK plasmid, were included to reveal 
the endogenous bands and to control for complete 
digestion. Figure 6 shows that most of the Hpa N sites 
(CCGG) and Hha I sites (GCGC) are methylated, be- 
cause the bulk of the hybridizing DNA is larger than 
1 0 kb and there are over 30 Hpa II or Hha I sites 
within pMK. We do note one low molecular weight 
band in the Hha I digest that appeared when DNA 
from offspring MaK-67-6 (expressing) was compared 
with offspring MaK-67-5 (nonexpressing). 

Analysis of the Restriction and Methylation 
Patterns of DNA from MyK-84 and Her Offspring 

MyK-84 developed from an egg injected with about 
400 copies of a blunt-ended. 2.1 kb Bst Ell fragment 
that included the entire MK gene (see Figure 1 ). Figure 



7 reveals that five of the first ten offspring of MyK-84 
contained MK DNA, and four of them (the fifth one 
died prior to activity analysis) expressed HSV thymi- 
dine kinase activity. The HSV thymidine kinase activity 
of two of the offspring was about threefold greater 
than that of the mother, while that of the other two was 
one-half to one-fourth that of the mother; there ap- 
pears to be a correlation of high activity with the loss 
of about half of the MK DNA sequences. Figure 8 
shows that the hybridizing DNA was of high molecular 
weight when digested with either Bst Ell or Eco Rl, 
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Figure 5. Analysis of Methylation at Sma I and Sst II Sites of MaK-67 
and Offspring 

Liver (-1) or kidney <-k} DNA (5 /ig) from MaK-67 (0 and his offspring 
(numbers) was digested with Eco Rl and either Sma I or Sst II as 
indicated. The digests were subjected to electrophoresis on a 1 .6% 
agarose gel, transferred to nitrocellulose and hybridized with the 
Bgl-Eco probe. A DNA<0.7 ftg) was included In each sample to check 
for complete digestion. (Lanes pMK) Controls In which 20 pg pMK 
was added to 5 /ig of kidney DNA from offspring MaK-67-4. 



Hha I Hpa II 

Figure 6. Analysis of Methylation at Hha I and Hpa ll sites of MaK-67 
Offspring That Expressed (MaK-67-6) and Dtd Not Express (MaK-67- 
5) HSV Thymidine Kinase 

DNA (10 /ig) was digested, subjected to electrophoresis on a 1.2% 
agarose gel, transferred to nitrocellulose and hybridized with the Rsa 
probe (see Rgure 1 ). (I_anes 4 + pMK and 4) Controls of MaK-67-4 
DNA with and without t50 pg pMK ONA. 
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Figure 7. Pedigree of MyK-e4 

Mice were injected with CdS04 (1 mg/kg) IB hr before partial 
hepatectomy. Thymidine kinase activity is expressed aa cpm//ig/min 
minus that measured in the presence of antlsera specific for HSV 
thymidine kinase. The number of MK genes was estimated by dot 
hybridization and from Southern blots. The extent of methylation of 
specific restriction sites was determined as shown in Figures 0 and 
10. + + + +: complete methylation. ++: partial methylation. 0: no 
methylation. 
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enzymes that do not cut within the original fragment. 
The absence of digestion with Bst Ell confirms the 
complete destruction of these sites by treatment with 
DNA polymerase. Enzymes that cut once within the 
Bst Ell fragment (such as Pst I and Bgl II) gave rise to 
one predominant band of 2.1 kb plus several pre- 
sumed junction fragments, while enzymes that cut 
twice (such as Sst I) gave rise to two major bands that 

MyK-84 a offspring 
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Rgure 8. Restriction Analysis of DNA from MyK-84 and Five of Her 
Offspring 

DNA (10 /ig) was digested with Bst Ell or Eco Rl, subjected to 
electrophoresis on a 1 .0% agarose gel. transferred to nitrocellulose 
and hybridized with the Bst probe shown in Rgure 1 . DNA of the 
mother (lane m) and offspring MyK-d4-3 (lanes 3) was not cut appre- 
ciably by either enzyme, indicating that high molecular weight con- 
catemers of the 2.1 kb Bst Ell fragment were generated. The 4 kb 
hybridizing band in the Eco Rl digests represents the MT-I gene. Two 
faint bands at 5.0 and 5.5 kb were visible in Bst Eli digests with 
longer exposure. 



MyK-d4 a Offspring 




add up to 2.1 Kb (Figures 9 and 10). These results 
are only compatible with a head-to-tall» tandem dupli- 
cation of the original 2.1 kb fragment, probably inte- 
grated into a single chromosome. 

The extent of CG methylation in MyK-84 and her 
offspring was examined with several enzymes (Figures 
9 and 1 0, summarized in Figure 7). Sma I only partially 
cut the repeated Bst Ell fragment in both the mother 
and offspring MyK-84-8 and MyK-84-9, whereas in 
the two offspring that expressed high levels of HSV 
thymidine kinase (MyK-84-3 and MyK-84-7) the Sma 
I sites were extensively digested. A similar correlation 
between methylation and HSV thymidine kinase 
expression was noted In digestions with Ava I, Nci I. 
Hha I and Hpa II. We were concerned that this might 
represent partial cleavage in the case of the mother 
and offspring MyK-84-8 and MyK-84-9, but a repeat 
digest with twice the amount of enzyme and half the 
amount of DNA gave exactly the same pattern. More- 
over, inclusion of visible amounts of DNA from phage 
X in the digests revealed its complete digestion. It is 
also noteworthy that this disparity was noted only with 
enzymes that are sensitive to methylation. Thus we 
favor the idea that methylated copies of the Bst Ell 
fragment were preferentially lost in some offspring 
when the DNA was transmitted to the next generation. 
Although most of the CG sequences analyzed were 
unmethylated in offspring MyK-84-3 and MyK-84-7, 
the Sst II sites were fully methylated in MyK-84 and 
all of her offspring; thus loss of methylation is se- 
quence-specific. 

The Bst Ell Fragment Did Not Integrate Into a 
Homologous DNA Sequence 

The Bst Ell fragment is the only DNA construction 
tested so far that does not contain the DNA repeat 




A/0 / Nci I Hho I Hpa II 



Figure 9. Analysis of Organization and Metfi- 
yiation of MK Genes in MyK-64 and Offspring 
l^yK-a4-3 

(Lanes m) MyK-64; (lanes 3) IMyK-84-3. DNA 
(10 fig) was digested with the enzymes indi- 
cated and subjected to electrophoresis on a 
1 .0% agarose gel (left) or a 1 .5% agarose gei 
(right). After transfer to nitroceiiulose. the DNA 
was hybridized wltti the Bgl-Eco probe (left) 
or Bst probe (righO. Because the Bst probe Is 
homologous to a portion of the endogenous 
MT-I gene, control DNA from offspring MyK- 
84-4 Oanes 4) Is included on the right. 
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Figure 10. Analysis of Methylation of MK Genes in MyK-84 and 
Several Offspring 

Uver ONA <5 ^g) was digested with the enzymes Indicated, eubjected 
to electrophoresis on 1 .5% agarose gels, transferred to nitrocellulose 
and tiybridized with the nick-translated Bgt-Eco probe. (Lanes m) 
MyK-84: (lanes 7-9) offspring. 

sequence located between the Eco Rl and Kpn I sites 
5' of the MT-I gene (see Figure 1 ). It contains only 
350 bases of unique DNA that are homologous to the 
5' end of the MT-I gene and 1 760 bases of the HSV 
thymidine kinase gene. Thus if affords the opportunity 
to ask whether integration occurs by homologous 
recombination. The blot shown in Figure 8 reveals a 
4.0 kb Eco Rl band In all lanes that represents the 
endogenous MT-I gene. The intensity of this band is 
essentially the same in all lanes, and no new bands 
appear, indicating that the Bst Ell fragments did not 
Integrate within the 350 bp stretch of homologous 
sequences present in the mouse genome. We also 
used a probe specific to the MT-I gene and obtained 
the same result (data not shown). 

Discussion 

DNA Integration 

Several reports indicate the successful introduction of 
foreign DNA into mice or frogs (see Introduction). The 
overall efficiency of obtaining stable incorporation of 
foreign DNA into the mouse genome was 10%- 16% 
in our experiments. We have tried several different 
constructions (Table 1) in an attempt to improve the 
efficiency, but the data do not indicate that any of 
these constructions has a significant effect on the 
outcome. 

We and others have noted that when multiple copies 
of plasmid or viral DNA are integrated they tend to be 
tandemly duplicated. In our first experiments, our plas- 



mid preparation contained some oligomers, so we 
could not be certain whether the tandem duplication 
occurred in the bacterial or mouse cells. The experi- 
ment that gave rise to MyK-84 is informative in this 
regard because the DNA was a blunt-ended Bst Ell 
fragment. Restriction analysis of DNA from MyK-84 
revealed a tandem, head-to-tail organization of about 
100 copies. A tandem array could occur either by 
ligation of linear monomers or by circularization fol- 
lowed by homologous recombination or possibly rep- 
lication of the circles. Only the latter mechanisms 
readily explain the head-to-tall organization. Consist- 
ent with the latter models, we have observed circular- 
ization and supercoiling of this particular fragment 
when it was injected into mouse eggs and analyzed 
22 hr later by agarose gel electrophoresis (data not 
shown). This tandem repeat did not integrate into the 
mouse genome in the region of extensive homology 
because the endc>genous MT-t genes were intact; 
however, there may have been small regions of ho- 
mology elsewhere in the genome that were utilized. 
The answer to this question may be obtained by the 
cloning and sequencing of junction fragments. Al- 
though we have not shown directly that any of these 
mice have integrated foreign DNA into one chromo- 
some, this possibility readily accounts for the stable 
inheritance of the DNA in an all-or-none fashion with 
a frequency approaching 60% (see Table 1 ). 

MK Gene Expression 

We have detected MK gene expression in seven ani- 
mals that developed from microinjected eggs out of 
ten that had pMK sequences. Thus the probability of 
expressing this gene in the liver is considerably better 
than we initially observed (Brinster et al., 1981). It is 
apparent, however, that the HSV thymidine kinase 
activity of these mice does not correlate with gene 
dosage (Table 1). The fact that mice with one or two 
MK genes, for example, MyK-67. may have HSV 
thymidine kinase activity comparable with that in mice 
with many copies leads us to suggest that only one or 
a few copies of the genes are active in mice with many 
copies. 

In most experiments we attempted to induce MK 
gene expression by administering cadmium to the 
animal 1 8 hr before partial hepatectomy. The experi- 
ment described in Table 2 shows that this treatment 
had a dramatic effect on the resulting HSV thymidine 
kinase activity, inducing it about 60-fold in MaK-67 
and MyK-67. This induction is similar to that observed 
for MT-I mRNA in liver (Durnam and Palmiter, 1981) 
and some mouse cell lines (Mayo and Palmiter. 1 981 ). 
The absolute number of MK mRNA molecules that 
accumulate in the liver of transgenic mice or in trans- 
fected L cells after induction with cadmium is 
0.1%-1% of the number of MT-I mRNA molecules 
(Brinster et al., 1981 ; Mayo et al., 1982). In contrast, 
transfection of MT-I genes into mouse or human cells 
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results in accumulation of nearly normal amounts of 
mRNA (Mayo et al., 1 982), suggesting that integration 
into foreign DNA is not the primary explanation for the 
low yield of MK mRNA. Perhaps MK genes are tran- 
scribed inefficiently or the resulting hybrid mRNA is 
much more unstable than MT-I mRNA. 

Dexamethasone has not induced HSV thymidine 
kinase activity in any of the transgenic mice tested so 
far (Table 2). Although disappointing, this result is 
consistent with our failure to maintain transcriptional 
control of the f^^T-l gene by glucocorticoids when it is 
transfected into either human or mouse cells (Mayo et 
at., 1982) or when it is amplified by selection for 
cadmium resistance (Mayo and Paimiter, 1982). 
These observations suggest that some cis-acting 
modification that is essential for glucocorticoid regu- 
lation but not for heavy metal regulation has been lost 
during gene manipulation. 

The finding that MK gene expression is not neces- 
sarily stable from one generation to the next Is both 
surprising and perplexing. This phenomenon is illus- 
trated by the analysis of MaK-67 and MyK-84 pedi- 
grees (Figures 3 and 7) as well as those of most of 
the other transgenic mice (see Table 1 , footnotes e- 
j). We have considered several explanations for these 
findings. The inherent variability in the thymidine ki- 
nase assay is too small to explain order-of-magnitude 
differences or total extinction of activity. We are con- 
fident that cadmium is reaching the liver because MT- 
I mRNA levels have been monitored. We have also 
considered the possibility of DNA loss or rearrange- 
ment between generations. The restriction pattern of 
MK sequences in MaK-67 is very complicated be- 
cause of the presence of many copies and the partic- 
ular gene construction that we injected. Nevertheless, 
it provides an opportunity to look for gross rearrange- 
ment or partial inheritance. Dot hybridization and re- 
striction analysis of 54 offspring of MaK-67 revealed 
the quantitative inheritance of an identical restriction 
pattern for two generations (Figure 4). We conclude 
that in this pedigree. DNA rearrangement is not a 
likely explanation for differential expression, with the 
proviso that rearrangement of a single expressing 
copy of the MK gene might go undetected against the 
large background of nonexpressing copies. In the 
MyK-84 pedigree we have detected loss of MK genes 
between generations, a result that might be antici- 
pated because of the tandem array. Thus preferential 
loss of a few active copies of the MK gene could 
explain the decrease in activity in offspring MyK-84-8 
and MyK-84.9 (Figure 7). 

DNA Methytation 

Another possible explanation for the variation in MK 
gene expression t)etween generations, which we have 
begun to explore, is that DNA methylation is involved. 
There is a precedent for considering this possibility, 
because MT-1 gene expression appears to be con- 



trolled in such a manner in some cells (Compere and 
Paimiter, 1981), and methylation changes in some 
immunoglobulin, globin and viral genes correlate with 
their expression (Shen and Maniatis, 1 980; van der 
Ploeg et al., 1980; Groudine et al., 1981; Weintraub 
et al., 1981; Yagi and Koshland, 1981). We do not 
yet know which methylation sites are important for 
MT-I gene expression, so we cannot direct our exper- 
iments towards likely control sites in pMK. Instead, we 
have assayed a variety of restriction sites within pMK 
for which there are methylation-sensitive enzymes. 

We can summarize the data obtained thus far by 
noting that foreign DNA injected into mouse eggs can 
be methylated at many sites at some point during 
development; thus there must be a de novo methyla- 
tion system that is independent of passage through 
the germ line or of meiosis. In contrast with these 
results, transfection of plasmids into L cells rarely 
results in de novo methylation, although the mainte- 
nance methylation system is quite effective (Pollack 
et al., 1980; Wigler et al.. 1981; Stein et al., 1982). 
Chromosomal location appears to be an important 
feature of the de novo methylation system, since a 
particular sequence is not necessarily methylated in 
alt animals. The methylation pattern acquired by the 
experimental animals is inherited in some cases (Fig- 
ure 5) and lost in others (Figures 9 and 10). In the 
case of two offspring of MyK-84, MyK-84-3 and MyK- 
84-7, there is a correlation between a loss of essen- 
tially all methyl groups from sites that were partially 
methylated in the mother and an increase in HSV 
thymidine kinase activity (summarized in Figure 7). 

The data presented here suggest that some funda- 
mental event occurs during passage of a foreign gene 
from a transgenic mouse to its offspring that affects 
its ability to be expressed. We do not know when this 
change occurs, but a likely possibility is that it is 
associated with the generation of germ cells. We have 
observed extinction, repression and enhancement of 
MK gene activity in different offspring. It Is too early 
to know whether gene expression will remain stable 
during subsequent generations. The most baffling as- 
pect of this phenomenon is that the MK gene expres- 
sion is so variable in comparisons of different offspring 
of the same mouse or of offspring of different mice. 
Chromosomal position effects may account for the 
latter variability, but the complete or partial loss of MK 
gene expression in offspring of MaK-67 is difficult to 
explain with our current understanding of gene com- 
mitment. We looked for changes in DNA arrangement 
or methylation. and found none in offspring of MaK- 
67 that were striking; however, in offspring of MyK- 
84 there was a rather striking difference in both of 
these parameters, with a tendency towards loss of 
MK genes to be associated with maintenance of high 
levels of thymidine kinase expression. There were too 
many copies of the MK gene in both of these animals 
for detailed analysis of this phenomenon. Neverthe- 
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less, the data indicate that achieving gene expression 
from microinjected genes does not ensure stable in- 
heritance of that expression. It will be important to 
analyze gene expression in congenic mice with single 
copies of foreign genes, to try to discern the molecular 
basis of this phenomenon. 

Experimental Procedures 
Manipulation of Animals and Eggs 

Fertilized eggs (C57 x SJL) were isolated and injected with 200-6CX) 
copies of plasmid and then reinserted into pseudopregnant surrogate 
mothers as described by Brinstar et al. (1 981 ). Shortly after weaning, 
the terminal quarter of the tall (50-100 mg) was surgically removed 
and homogenized with a Potytron (Brinkmann) In 5 ml of 1 X SET(1 % 
SDS, 5 mM EOT A, 1 0 mM Tris[pH 8]) containing 50 ^tg/nii proteinase 
K. Total nucleic acids were isolated and assayed for the presence of 
pMK as described below. Those mice that retained pMK sequences 
were analyzed for expression. Typically. 1 mg/kg body weight CdS04 
was injected sut>cutaneously. and 1 8 hr later a partial hepatectomy 
(«1 50 mg) was performed with sodium pentobarbital anesthesia. Part 
of the tissue was used for thymidine kinase assay; the remainder was 
homogenized in 1 x SET plus 200 pg/ml proteinase K. Up to three 
sequential partial hepatectomies have been performed at intervals 
ranging from 2-4 weeks. In some cases dexamethasone (0.5 mg/kg) 
was administered as equal amounts of a soluble and an Insoluble 
preparation (Hager and Palmiter, 1981). More recently, we have 
given injections 16 and A hr before the operation, assuming that the 
MK mRNA is relatively unstable, while the thymidine kinase enzyme 
is relatively stable: thus this regimen should optimize the chances of 
detecting both mRNA and enzyme. 

Isolation and Analysis of Nucleic Acids 

Total nucleic acids were isolated by phenol-chloroform extraction 
and ethanol preclpitatton. DNA concentration was measured by the 
fluorescence assay described by Labarca and Palgen (1980) with a 
Perkin-Elmer Model 650-1 OM fluorescence spectrophotometer. For 
dot hybridization, total nucleic acids containing up to 20 ^g DNA were 
precipitated with ethanol and dissolved by addition of 10 fil of 2 M 
NaCl. 0.1 M NaOH and boiling for 2 min. Aliquots (5 /it) were spotted 
directly onto dry nitrocellulose placed on Parafilm. A trace of ethanol 
in the sample facilitates even distribution of the DNA. The cellulose 
was air-dried, washed briefly in 2x SSC (1 x BSC is 0.15 M NaCI. 
0.015 M sodium citrate {pH 7,01) and then baked for 2 hr at 80'*C. 
For restriction enzyme analysis, total nucleic acids were digested 
with RNAase A (i 00 /ig/ml) for 30 min at 37*0. followed by digestion 
with proteinase K in the presence of SDS. The DNA was then 
extracted with phenol-chloroform and precipitated with ethanol. All- 
quota (4-10 jug DNA) were digested in 40 /li of the buffer recom- 
mended by the manufacturer with atx)ut 2 U restriction enzyme per 
microgram of DNA for 6-18 hr. Samples were subjected to electro- 
phoresis on agarose in a horizontal apparatus until the bromophenol 
blue marker had traversed about 13 cm. DNA was blotted onto 
nitrocellulose (Schleicher and Schuell) essentially as described by 
Southern (1975). 

Plasmid Manipulation 

Plasmid pMK was constructed as described by Brinster et al. (1 981 ). 
The linear form was generated by digestion with Bam HI. In some 
experiments this linearized pMK was llgated to a sixfold weight excess 
of Bam Hl-digested mouse ONA with T4 ligase. Analysis of the 
products by agarose gel electrophoresis revealed oligomers up to 30 
kb long. The 2.1 kb Bst Ell fragment was Isolated by restriction of 
pMK with Bst Ell followed by addition of DNA polymerase (Klenow 
fragment) and all four deoxynucleotide triphosphates. The products 
were subjected to electrophoresis on an agarose gel. end the 2.1 kb 
band was Isolated by the NaCI04-gia3s fiber filter method of Chen 
and Thomas (1 980). 



Nick Translation and Hybridization Conditions 

DNA fragments for nick translation were isolated from agarose gels 
by the method of Chen and Thomas (1980). and the DNA concentra- 
tion was determined (Labarca and Palgen, 1980). DNA (15-20 ng) 
was nk;k-tran6lated In a lO/il reaction mixture containing 20 mM Trie 
(pH 7.5), 10 mM MgCls. 0.3 mM CaCl2. 1 mM dithiothreitot. 100 ng 
DNA polymerase I (a gift from L. Loeb), 200 pg DNAase t, 40 /iCI of 
one ^'P-labeled deoxyribonucleotide triphosphates (--2000 O/ 
mmote: Amersham) and 0.15 mM of each of the other deoxyribonu- 
cleotide triphosphates. After 45 min of Incubation at room tempera- 
ture. EGTA was added to a concentration of 1 mM, NAD was added 
to a concentration of 50 /iM, 2 U E. coll DNA llgase (New England 
BloLabs) was added and the reaction was continued for 1 5 min. Then 
200 Ml of 0.5X SET was added along with 1 0 fig herring sperm DNA. 
and the products were centrifuged through a 1 .6 ml Saphadex Q-75 
column to isolate the high molecular weight products. The yield was 
typically 20 to 40 X 10" cpm, with a specific activity of 1 to 2 x 10" 
cpm/ng DNA. Hybridizations were performed at 45*0 In Seal-a-meal 
bags at a concentration of 1 to 2 x 10" cpm of probe per milliliter in 
the presence of 50% formamlde and 10% dextran sulfate essentially 
as described by Wahl et al. (1979). After hybridization the nitrocel- 
lulose was washed In 2x SSC plus 0.5x SET at 68*C for 1 hr with 
several changes, and then In 0.5X SET at 50^C with several changes 
Of the wash solution. The nitrocellulose was then air-dried and allowed 
to expose X-Omat )(AR-6 film at -70"'C with a Ughtnlng-Plus Inten- 
sifying screen. 

Other Procedures 

Thymidine kinase activity was assayed as described by Brinster et al. 
(1981), and Is expressed as counts per minute of TMP formed per 
minute per microgram wet weight of liver MT-I mRNA was measured 
by solution hybridization as described by Beach and Palmiter (1 981 }. 
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Summary 

Recent advances in recombinant genetics 
have made possible the transfer of cloned genes 
from one organism to the genome of another. 
Research with mice made transgenic by inser- 
tion of rat or human genes has provided direa 
evidence that transferred genes can be incor- 
porated into the germline and expressed in the 
recipient. Current technology for gene transfer 
involves microinjection of the recombinant 
genes into the male pronucleus of the zygote. 
Resulting transgenic mice, when mated as 
adults, produced offspring that contained and 
expressed the transgenes. These observations 
serve as indications of the possibilities that exist 
for genetic engineering in livestock species. 
Although there are some technical problems to 
be overcome before livestock embryos can be 
genetically altered by these means, the genes 
for producing growth hormone transgenic live- 
stock are currently available, and research 
groups are working toward this objective. In 
addition to this work with growth hormone 
genes, there are many other potential applica- 
tions for genetic engineering livestock to pro- 
duce more highly efficient production; how- 
ever, there is considerable research to be done 
before the full potential of this technology can 
be achieved. It will be necessary to identify 
other genes that have potential for improving 
the production efficiency of livestock, and 
it will be necessary to gain a more complete 
understanding of the developmental and 
molecular biology of livestock. The potential 
impact of this technology in farm animal 
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production is enormous, but, in the short term, 

it will be a costly endeavor. 

(Key Words: Genetics, Molecular Biology, 

Genetic Engineering, Growth, Mammals, 

Production.) 

Introduction 

The history of agriculture is largely a history 
of genetic engineering. From the earliest efforts 
in agriculture, man has practiced genetic selec- 
tion, often inadvertently, to produce choice 
agricultural products. Within the past 100 yr, 
geneticists have established protocols for scien- 
tific selection for desired traits, and a great deal 
of progress has been made in animal produc- 
tivity. Nevertheless, animal scientists and live- 
stock producers are interested in further 
improvements. The various disciplines within 
animal science are devoted to achieving these 
improvements, but progress seems slow com- 
pared with the desired result. 

Within the past 3 yr, the potential for a 
dramatic rate of change has been created using 
a molecular approach to genetic engineering of 
mammals. Cloned genes have been incorporated 
into the genome of laboratory mice (Gordon et 
al., 1980; Brinstcr et al., 1981; Constantini and 
Lacy, 1981; Gordon and Ruddle, 1981; Wagner 
et a!., 1981a,b; Palmiter et al., 1982; Wagner et 
al., 1982; Pahniter et al., 1983). These studies 
demonstrate thar foreign genes can be ex- 
pressed by the transgenic animals, and the tech- 
nology is now available for use in livestock 
species. In this paper we review the progress in 
molecular genetic engineering of mammals and 
discuss possibilities for its use in livestock 
species. 

Gene Recombination in Laboratory Animals 
Recombinant genetic techniques allow the 
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transfer of specific cloned genes from the 
genome of one organism to the genetic makeup 
of anotlier. Utilizing bacterial plasm ids, gene 
recombination was first achieved in bacteria 
(Cohen et al.. 1972) and later in simple 
cukaryotic species such as yeasts (Beggs. 1978). 
During the decade following the first successful 
gene transfers in bacteria, a major effort was 
mounted to achieve gene recombination in 
higher eukaryotic organisms including plants 
and animals. Until 1981, gene recombination in 
mammals was restricted to the transfer of genes 
into mammalian cells in tissue culture. The first 
successful transfer of a cloned gene into the 
genome of a mammalian cell line was accom- 
plished by Paul Berg, using a recombinant SC40 
virus genome containing an insert with the 
rabbit j5-globin genomic clone ligated into the 
viral genome (Mulligan et al.. 1979). Balb 3T3 
mouse cells were transformed with the recom- 
binant mammalian virus and transformed cells 
selected in media that allowed only the growth 
of the viral transformed cells. Only 1 in 10^ 
cells were transformed and these cells were 
oncogenically transformed as well as geneti- 
cally transformed. The resulting line of SV40 
recombinant viral-transformed cells contained 
the rabbit j3-globin gene and produced rabbit 
|3-globin proteins (Mulligan et al., 1979). A 
major improvement in the methodology for the 
genetic transformation of mammalian cells in 
culture was developed by Wigler et al. (1979). 
Using the Herpes virus thymidine kinase (TK) 
gene, mouse L cells deficient in the TK gene 
function were transformed by exposure to a 
CaP04 precipitate of the cloned Herpes TK 
gene. The 1 in lo'' to 10^ cells that take up and 
are genetically transformed by the Herpes gene 
are selected by growth in HAT media (media 
that interferes with nucleotide biosynthesis in 
deficient TK~ mouse L cell line). This TK 
selection method may be used to genetically 
transform TK~ cells with any cloned gene by 
co-transformation with the Herpes viral TK 
gene (Wigler et al,, 1980). Because on entry 
into the nucleus of the recipient cell, the cloned 
DNA fragments are randomly ligated together 
to form a DNA polymer containing a mixture 
of the cloned DNA segments linked end-to-end, 
transformation with Herpes TK gene and any 
other gene results in the chromosomal integra- 
tion of both genes linked together yielding TK 
selection and stable transformation with the 
desired gene. 

It has long been the goal of molecular and 



developmental biologists to introduce cloned 
genes into the germline of complete mammals 
in order to examine the interrelationships be- 
tween the expression of genes and their regula- 
tion during development. Also, the optimum 
system for the study of the native function of a 
cloned and well characterized gene would 
clearly be the whole animal. Gene transfer in 
whole manmials would also allow the animal 
scientist to specifically alter the genetic makeup 
of livestock species with a selectivity unap- 
proachable by traditional genetic selective 
procedures. 

Germline gene recombination in complete 
animals must be approached by the genetic 
transformation of early embryonic cells from 
which a recombinant animal may develop. 
Because these cells may not be collected in 
large numbers and may not be propagated over 
long periods of time, the techniques used to 
genetically transform mammalian cells in cul- 
ture cannot be used. In 1981, several labora- 
tories successfully accomplished the germline 
genetic transformation of laboratory mice by 
microinjection of cloned DNA into the pro- 
nuclei of fertilized mouse eggs at the one-cell 
stage. The importance of using a single cell was 
to reduce chances of producing mosaic mice 
and ensure foreign gene integration into all 
cells of the developing animal. The relatively 
large pronuclcar regions of the fertilized eggs 
also provided an easy target for microinjec- 
tion. In addition to these reasons for pro- 
nuclear microinjection, Wagner et al. (1981a) 
suggested that the early male pronucleus may 
provide a highly specialized nuclear environ- 
ment for the incorporation of DNA sequences 
and for their inclusion into a functional chro- 
mosomal region. The period of time during 
which sperm chromatin loses its. protamine 
regulated structure and acquires a maternally 
determined hist one structure may be a for- 
tuitous time for incorporation of foreign DNA 
into a structure that is transcriptionally active. 
The molecular events within developing pro- 
nuclei were first investigated in the sea urchin. 
It has been suggested that sperm chromatin 
dispersion and male chromosomal gene expres- 
sion may be manifestations of changes in the 
nucleoprotein content of the paternally derived 
chromatin within the developing male pro- 
nucleus. Kunkle et al. (1978) have shown that 
soon after fertilization of the sea urchin egg, 
the male pronuclear chromatin acquires pro- 
reins, probably maternally inherited, of molecu- 
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lar weights greater than 80,000 daltons and a 
nuclear protein composition similar to that 
of the female pronucleus. These researchers 
postulate that such changes in male pronucleus 
coniposition may allow the paternal genome 
to participate in RNA synthesis (Longo and 
Kunklc, 1977). Recently Perrealt etai:(1984) 
have detailed some of the molecular events in 
mammalian pronu clear development. Also, 
Laskey et al. (1977a,b, 1978) have isolated a 
group of enzymes from the frog oocyte that 
organize cellular histones into the nucleosomal 
chromatin units and that may function in stcuc- 
turing the sperm chromatin into transcrip- 
tionally functional chromosomal units during 
early male pronuclear development. Both of 
these observations suggest that extensive 
"rebuilding" of functional chromosomes occur 
within the early male pronucleus after removal 
of protamines from the sperm DNA during 
sperm decondensation. Therefore, similar early 
molecular events within the mouse male pro- 
nucleus might assist in assuring an appropriate 
nucleoprotein structure for the microinjected 
DNA and integration of exogenous DNA se- 
quences placed into the early male pronucleus. 
Although this rationale for microinjection into 
the early male pronucleus may be supported by 
some molecular data in nonmammalian sys- 



tems, no definitive proof that pronuclear or 
male pronuclear microinjection is advantageous 
has, as yet, been presented. Also, unpublished 
data suggests that gene transfer may, in some 
cases, be accomplished by late pronuclear or 
two-cell nuclear injections. 

Zygote microinjection is carried out using 
two micromanipulators controlling two micro- 
pipettes. One-cell embryos, mainuined in a 
microdrop of embryo culture media, arc held 
individually at the polar body by suction ap- 
plied via a microsynringe attached to a fire 
polished micropipette (25 /im id, 80 /im od). 
Injection is accomplished using an injection 
micropipette (.7 to 1.2 jLtm od) attached to a 
.5-ml, screw driven, microsyringc to deliver 1 pi 
of DNA solution into the male pronucleus, 
oriented approximately 180° from the polar 
body. Successful injection is monitored by 
observation of an expansion of the pronuclear 
volume by approximately 25%. Microinjection 
is performed under 400 x magnification using 
an inverted microscope. Embryos are held in a 
specially constructed depression slide above a 
sterile cover slip. The equipment for micro- 
injection is shown in figure 1. A photomicro- 
graph of the microinjection of a mouse egg is 
shown in figure 2. 

Mice derived from one-cell embryos micro- 




Figure 1. Leitz microinjection apparatus used in zygote pronuclear microinjection procedures. • 
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injected with specific cloned genes have been 
scrutinized on the molecular level. Experi- 
ments for determining the copy number, 
integrity, stability of integration and germline 
transmission of the introduced genes have been 
performed to investigate the fate of the foreign 
DNA. Some laboratories have also tried to 
determine the functional expression of the in- 
corporated DNA. 

The first successful incorporation of a 
cloned foreign gene into mice was reported by 
Gordon et al. (1980). In this study, a construct 
containing the SV40 virus orijgin of replication, 
pBR322 plasmid sequences and the Herpes virus 
TK gene were introduced by microinjection. 
Southern blot hybridization showed fragments 
of this gene construction rearranged in the 
chromosomes of several niice. Almost simul- 
taneously, several other laboratories announced 
the successful incorporation of other specific 
cloned genes into mice by DNA microinjection 
into fertilized embryos (Brinster et al., 1981; 
Constantini and Lacy, 1981; Gordon and 
Ruddle, 1981; Wagner et al., 1981a,b). From 



these experiments there arc now mouse lines 
that contain stably integrated SV40 DNA, 
Herpes Simplex Virus thymidine kinase (HSV- 
TK) gene, the human leukocyte interferon 
gene, the rabbit ^globin gene and the human 
^globin gene. Gordon and Ruddle (1981) and 
Wagner et al. (1981b) demonstrated by South- 
ern hybridization studies on undigested DNA 
from fetuses and live mice derived from in- 
jected embryos that the injected genes were 
stably integrated into mouse chromosomes. 
Constantini and Lacy (1981) also established 
chromosomal integration and determined the 
site of chromosomal integration for injected 
rabbit jj-globin genes by in situ hybridization. 

These results indicate that the cloned DNA 
has recombined in some manner with the host 
chromosomal DNA and is stably integrated. If 
this were the case, germline transmission of the 
DNA would be expected and hence, the estab- 
lishment of lines of transgenic mice for studies 
of foreign gene function. Constantini and Lacy 
(1981) analyzed offspring from four male mice 
that contained rabbit ^globin genes and 




Figure 2. Photomicrograph showing the microinjection of a pronuclcar mouse egg. The egg is held by a 60 /un 
fire polished holding pipette and injected with a beveled 1.5 ;ixn injection pipette. 
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showed by Southern hybridization that a por- 
tion of the group had complementary se- 
quences within their genomic DNA. Wagner ct 
al. (1981a) found the presence of rabbit 
^lobin protein in the blood of offspring of 
injected embryos. Transmission of human inter- 
feron genes in mice developed from embryos 
microinjected with this gene was also seen by 
Gordon and Ruddle (1981). Brinster et al. 
(1981), using a mouse metallothionein/HSV- 
TK fusion gene, also demonstrated the pres- 
ence of the gene in second generation mice and 
the presence of the HSV-TK protein as well. 
These results suggest stable integration and 
Mcndelian germline transmission of the foreign 
added gene in gene transfer in laboratory mice. 

The main thrust of this line of research is to 
establish lines of animals that not only contain 
stably integrated foreign DNA, but ones that 
also express the inserted genes. Wagner et al. 
(1981) have demonstrated expression of in- 
jectable rabbit jS-globin sequences in their mice. 

The stable integration of intact foreign genes 
into the mouse genome allows analysis of 
foreign gene expression in these mouse lines. 
Wagner et al. (1981a) found that this was 
indeed the case for some of the rabbit jJ^lobin 
genes present in transgenic mice containing 
rabbit ^globin genes. Immunodiffusion analysis 
showed the presence of a protein in the blood 
of these mice that crossreacted with mouse 
antirabbit globin antisera. This reaction was not 
seen in control animals and could be reversed 
by immunoabsorprion of the antisera with 
rabbit globin. This finding was further corrobo- 
rated by tw6-<limensidnal protein gel electro- 
phoresis of the transgenic mouse hemoglobin 
demonstrating the presence of a globin species 
co-migrating with rabbit globin (Wagner et al., 
1982). In addition, rabbit globin mRNA was 
detected in the bone marrow of these mice by 
Northern hybridization (Wagner et al., 1982). 

Constantini and Lacy (1981), using a differ- 
ent construction of the same rabbit j3-globin 
gene, did not observe the rabbit globin protein 
in their mice, but demonstrated the presence of 
rabbit j3-globin mRNA in muscle tissue. 

The difference in results between Constan- 
tini and Lacy (1981) and Wagner et al. (1981a) 
highlights the present lack of understanding 
regarding the control of gene expression in ani- 
mal systems. Gearly, the function and expres- 
sion of the ^globin gene depends upon more 
than the DNA sequences introduced into these 
lines of mice. Chromosomal position, flanking 



DNA sequences or other factors may be of im- 
portance in gene function. It has been suggested 
that control of the expression of developmcn- 
tally controlled genes may involve at least two 
determinants; the upstream flanking DNA se- 
quences involved in promotion-regulation and 
the local DNA environment in the region of the 
chromosome where the gene resides O^cnish 
et al., 1981). Until the role of rionadjoining 
DNA sequences can be properly evaluated, 
gene transfer with complex;, devclopmcntally 
controlled genes may be a "hit-or-miss'* 
proposition. 

Palmiter et al. (1982) have devised an ele- 
gant method to avoid the problems of gene 
expression in complex, dcvelopmentally con- 
trolled genes. These researchers have used the 
mouse metallothionein-1 gene promoter-regula- 
tory sequences to act as a promoter of gene 
expression for almost any structural gene of 
interest in the mouse. Because the mctallo- 
thionein-l gene does not appear to be under 
the complex control found with other genes 
coding for proteins with more complex func- 
tions, this promoter appears to function well in 
any chromosomal location or condition. By 
fusing the metallothionein-1 gene promoter- 
regulator to the structural genes of interest* 
high levels of expression of the desired genes 
may be achieved. Initially, Brinster et al. (1981) 
used the metallothioncin-l (MT) promoter to 
express the HSV-TK gene in a MT-TK fusion 
gene injected into mouse embryos. The result- 
ing mice produce substantial amounts of the 
TK protein. The universal value of the MT pro- 
moter was demonstrated by Palmiter et al- 
(1982) by fusing the MT promoter to the rat 
growth hormone (rGH) structural gene at the 
transcriptional initiation site and introducing 
their fusion gene into the germline of mice by 
zygote microinjection. Of the 21 mice that de- 
veloped from these zygotes, seven carried the 
fusion gene and six of these grew significantly 
larger than their littermates. Several of these 
transgenic mice has extraordinarily high levels 
of the fusion mRNA in their liver and growth 
hormone (GH) in their serum. Not only does 
the approach of Palmiter et al. (1982) have im- 
plications for the study of the biology of GH in 
intact laboratory animals, but it may provide a 
way to deastically accelerate animal growth. 

For GH transgenic animals to be economi- 
cally useful for accelerated growth or for 
other functions, the transgcnes must be stably 
integrated, transmitted and expressed in sub- 
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sequent generations. Otherwise, the cost of 
producing the transgenic animals by current 
technology would be orders of magnitude 
greater than the gain that could possibly be 
realized. In this regard, Palm iter et al. (1983) 
demonstrated that GH transgenic mice do 
transmit the transgenes to their offspring in 
Mendelian fashion. When transgenic mice, ex- 
pressing the transgenes and exhibiting accele- 
rated growth, were outbred, approximately 
one-half of the offspring inherited the trans- 
genes and grew at an accelerated rate (com- 
parable to their transgenic parent) while the 
other one-half of the offspring did neither. This 
important contribution, as well as the report of 
Wagner et al. (1981a) involving offspring of 
^-globin transgenic mice, confirm the feasibility 
of producing lines of transgenic animals with 
improved production efficiencies. 

In order to apply the procedure of gene 
transfer to livestock species, it is necessary to 
establish efficient procedures for the recovery 
of pronu clear livestock embryos, observation of 
their pronuclei for effective microinjection and 
to transfer these injected eggs into recipient fe- 
males with an overall efficiency approaching 
that now available in laboratory mice. The clon- 
ing of livestock genes, is well underway and 
those genes of greatest interest arc available or 
will be available in the near future. The bovine 
GH (bGH) gene has recently been cloned by 
Woychik et al. (1982) and efforts to introduce 
this and other GH genes are underway in our 
laboratories as well as the laboratories of 
others. 



Problems in Animal Sciences That May Be 
Addressable Through Recombinant Genetics 

Growth Efficiency. Traditionally, the great- 



est research emphasis in the animal sciences has 
been, and continues to be, growth efficiency, 
with particular priority on feed efficiency, rate 
of gain and body composition. The reason for 
this Is obvious because feed is the major single 
variable cost of production. Growth efficiency 
in farm animals has increased substantially over 
the past 50 yr (Smith et al., 1980) by both im- 
proved nutrition and superior genetics of breed- 
ing stock. While it is clear that many important 
traits relating to growth efficiency are heritable, 
continued improvements by traditional animal 
breeding methods will depend on the range of 
genetic variability in current breeds. Nutritional 
improvements have taken advantage of the im- 
proved genetic capabilities of the species and 
now diets more adequately meet the nutrient 
requirements of animals at various physiologi- 
cal phases of growth and reproduction. While it 
is clear that both disciplines will continue to 
improve growth efficiency, only incremental 
increases are foreseeable with these conven- 
tional approaches. 

The question of the likelihood of achieving 
a dramatic improvement in growth and feed 
efficiency through recombinant genetics is 
relevant. Studies dating to those of Evans and 
Simpson (1931) have demonstrated that long 
term treatment of animals with growth hor- 
mone (GH) or adenohypophysis extracts can 
substantially improve both growth rate and 
feed efficiency in animals. Evans and Simpson 
(1931) found that at 200 d of age, female i-ats 
receiving chronic daily injections of an extract 
from the anterior pituitary gland, rich in GH, 
reached approximately 475 g while controls 
were approximately 270 g in weight (table 1). 
At the same age, male rats weighed 530 and 
410 g, respectively. At 400 d of age, GH-treated 
females weighed about 570 g while controls 



TABLE 1. EFFECT OF BOVINE GROWTH HORMONE PREPARATION 

ON GROWTH IN RATS 



Approximate values derived from figures presented by Evans and Simpson (1931). 
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weighed 240 g. At the same age, males weighed 
850 and 520 g, respectively. These are dramatic 
increases in growth. Evans and Simpson also 
noted that the effect of GH on body weight in 
rats was not particularly evident until after the 
animals had reached 100 d of age. Thus, this 
early study provides evidence that the physio- 
logical stage on the growth curve of animals is 
important in determining the degree of re- 
sponse to exogenous GH. Therefore, use of GH 
in young animals might be expected to yield 
poor response. 

Lee and Schaffer (1934) performed experi- 
ments similar to those reported by Evans and 
Simpson (1931), but they also evaluated treat- 
ment effects on body composition of experi- 
mental rats (table 2). They found, in pair 
feeding experiments, that while consuming the 
same quantity of feed as controls, rats treated 
with pituitary gland extracts gained more 
weight than did ^e controls. At the same time, 
body composition revealed an increase in water, 
nitrogen and ash content, but a decrease in fat 
(ether extract) content. Even with small num- 
bers of animals, it is evident from the data pre- 
sented that GH exerted little effect on the 
younger rats (rats started on treatment at 52 d 
of age and slaughtered at 129 d of age gained 
a mean net of —2,5 g, while rats started at 171 
d of age and slaughtered at 227 d of age gained 
a mean net of 45 g in response to GH). This is 



potentially an important point, for it suggests 
that the response to increased GH may depend 
on age at treatment. In consideration of the 
results of both Evans and Simpson (1931) and 
Lee and Schaffer (1934), it has been clear for 
half a century that daily treatment with exo- 
genous GH can greatly increase nonfat body 
growth in experimental animals. 

Presumably due to lack of available hormone 
in sufficient quantity, studies of the effect of 
exogenous GH on farm species were done only 
recently. Machlin (1972) reported that exogen- 
ous porcine GH (pGH) positively affected 
growth in pigS; however, high doses equivalent 
to those used in the rat studies proved toxic to 
pigs. In general, the results with lower doses 
of pGH revealed increased muscle growth and 
decreased fat deposition (table 3). Five experi- 
ments with various numbers of pigs were re- 
ported, and effects of pGH on rate of gain and 
feed efficiency were significantly improved in 
some experiments. This study makes evident 
two especially important points: 1) pigs ate 
adversely sensitive to very high levels of exogen- 
ous GH, and 2) muscle growth, in particular, in 
pigs can be increased by the hormone. There- 
fore, moderately increased levels of GH in the 
pig would appear to be advantageous if the cost 
of hormone and its administration did not over- 
ride the benefits to be gained. Until large quan- 
tities of inexpensive, pure pGH are available 



TABLE 2. EFFECT OF BOVINE GROWTH HORMONE (GH) PREPARATION 
ON WEIGHT AND BODY COMPOSITION OF PAIR-FED RATS 
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Values derived from table 3, Lee and Schaffer (1934). Pairs varied in age at initiation of treatment (52 to 
224 d of age) and age at end of slaughter ( 129 to 287 d of age). 

Values derived from table 6, Lee and Schaffer (1934). 
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TABLE 3. EFFECT OF EXOGENOUS PORCINE GROWTH HORMONE (pGH) 
ON GROWTH AND CARCASS CHARACTERISTICS OF SWINE^ 

Exogenous pGH 
(mg* kg body wt" ' • cl " * ) 



Item 


0 


.13 


No. of antinal!; 
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18 


Initial wt, kg 


45.9 


46.0 


Slaughter wt, kg 


94.3 


94.0 


Avg daily gain, kg 


.74 


.86** 


Feed/gain 


3.33 


2.89* 


Carcass 






Dressing percentage 


71.5 


68.9** 


Backfat, cm 


3.48 


2.79*** 


Loin eye, cm^ 


25.8 


31.9*** 



^Experiment 2 from Machlin (1972). 

*P<.05. 

••P<.01. 

•••P<.001. 



with appropriate delivery systems, treatment of 
growing swine with exogenous GH will have 
little practical value. 

Growth hormone treatment studies have 
also been performed in ruminants. Studies by 
Wheatley et al. (1966) and Reklewska (1974), 
the former with adult sheep, found no increase 
in growth of sheep in response to exogenous 
bovine GH (bGH). Moseley et al. (1982) re- 
ported that GH treatment of steers increased 
nitrogen retention, supporting the data from 
rats and pigs on increased muscle growth in 
response to exogenous GH. A recent report by 
Muir et al. (1983) also found no increase in 
growth of lambs in response to exogenous ovine 
GH; however, in this study, feed efficiency was 
significantly increaised (by 7.4%). Wagner and 
Veenhuizen (1978) reported increases in both 
growth rate (20% increase) and feed efficiency 
(13.6% improvement) in lam.bs started at rela- 
tively large size (40 kg). With heifer calves, 
Brumby (1959) found that exogenous GH m- 
crcased growth rate, but he- did not report feed 
efficiency data. Thus, in ruminants, as in swine, 
increased levels of GH could prove advanta- 
geous if the costs were not prohibitive. 

Currently, the advantages of exogenous GH 
treatment of livestock can not be realized be- 
cause of the lack of sufficient, economical GH. 
However, this situation may change in the near 
future because a number of companies are plan- 



ning to produce GH by large scale culture of 
recombinant microbes. Practical use of exogen- 
ous GH is likely to be labor intensive because 
daily treatment or sustained release implants 
will probably be required to achieve the desired 
effect. As an alternative, if the genetic capacity 
of livestock can be manipulated to produce 
extra endogenous GH with adequate specific 
regulation of expression so that particular pro- 
duction traits desired in a specific group of ani- 
mals would be improved (in this case, growth of 
meat producing animals -but not necessarily 
their progenitors), a great advantage would be 
available to the livestock industry. 

Milk Production Efficiency, Currently, and 
in the foreseeable future, there is an excess of 
milk produced in the United States and dairy 
producers arc faced with minimal profits. While 
increased milk- production per sc might not be 
desirable now, a dramatic improvement in the 
efficiency (cost) of milk production would be 
of great benefit to producers and consumers in 
the face of continued excess milk supply. There 
is reason for optimism that recombinant DNA 
(rDNA) technolc^ can be used to dramatically 
improve the efficiency of milk production. 

A number of recent studies have demon- 
strated that exogenous GH treatment improved 
milk production efficiency (Brumby and 
Hancock, 1955; Bullis et al., 1965; Machlin, 
1973; Bines et al., 1980; Peel et al., 1981, 
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1982; Gorewit et al., 1982). With low pro- 
ducing dairy cattle, these studies demonstrated 
up to a 50% improvement in milk production 
with more milk produced per unit of feed con- 
sumed. Peel et al. (1981, 1982) used high pro- 
ducing dairy cows and observed significant (9.5 
and 15.2%) increases in miik yield, with slight 
(nonsignificant) increases in feed efficiency in 
response to 51.5 lU/d exogenous bGH for short 
periods (10 to lid) early in lactation (10 to 18 
wk). In these studies, yield of fat, lactose and 
protein were increased. Gorewit et al. (1982) 
using high producing cows in late lactation 
('v35 wk). found dramatic improvements in 
milk yield during two limited treatment periods 
with bGH. Milk yield in this study was im- 
proved by 31 to 35%. milk fat yield increased 
by 32 to 38%, milk protein yield increased by 
18 to 22% and milk lactose yield increased 
by 34 to 37%. The studies of Peel et al. (1981. 
1982) and Gorewit et al. (1982) suggest that 
stage of lactation and, thus, milk production 
rate of cows at the time of treatment greatly 
influences the response to exogenous GH. 

In view of the potential for use of rDNA 
technology to insert exogenous genes into the 
genome of animals, it is within current capabil- 
ity to use this in dairy cattle. The limitation, in 
addition to the fundamental skill required to 
microinject pronuclei of bovine eggs, is to make 
a gene construct with a promoter controlled so 
that GH production would be regulated with 
respect to mammary gland function of the cow. 
Without such precise control, the inserted GH 
gene, if continually expressed to produce excess 
blood GH levels throughout adulthood, might 
cause giantism, without or in addition to, in- 
creased milk production. Such a result would 
probably be undesirable. This circumstance 
requires that precise control of GH gene be in- 
corporated into the construct and that control 
be experienced in the producing animal. 

Animal Health, Currently, biotechnological 
applications in animal health are focused on 
development of vaccines with almost immediate 
target dates for utilization. These developments 
hold great potential for improved animal 
health; however, it is conceivable that rDNA 
technology can have even greater impact by the 
development of genetic constructs that would 
produce inherent specific disease resistance. It 
is intuitively obvious that most diseases are, at 
least to some degree, genetically predisposed 
because most diseases affect only a few species. 
Fuirthermore, resistance to some diseases is 



known to be related to particular genetic loci, 
e.g., Marek's discBse in poultry (Payne, 1973) 
. and many human and mouse diseases (Bach, 
1982). Another example of genetically deter- 
mined disease is internal parasite resistance 
(e.g., Preston and Allonby, 1978). These dis- 
eases should be responsive to recombinant 
genetic approaches, involving insertion of the 
appropriate genes. The ability to perform these 
alterations will require considerable effort in 
domestic animal molecular biology to identify 
gene products and development of gene con- 
structs, particularly those involved in non- 
specific disease control. 

Reproductive Efficiency, It is generally 
recognized that the single greatest limitation to 
maximizing overall efficiency of animal pro- 
duction is reproductive efficiency. (Cartwright 
et al., 1980). In some of the farm species, the 
current level of reproductive efficiency is less 
than 50% of the level that is possible. Little im- 
provement in reproductive efficiency has been 
made through conventional animal breeding 
methods because hcritability of reproductive 
traits is low (Smith et al., 1983). 

Generally, advances in reproductive effi- 
ciency will depend on the identification of 
rate-limiting gene products. For example, gene 
products identified by Murray et al. (1978) and 
Segerson (1981) have the potential to improve 
embryonic survival in pigs, cattle and sheep and 
may find utility through rDNA approaches. 
These gene products are powerful immuno- 
suppressive polypeptides produced by the 
uterus during the peri-implantation period. 
They would be natural agents promoting em- 
bryo survival through the implantation phase, 
which is the time during which the largest pro- 
portion of embryo loss occurs (Ulbcig and 
Rampacek, 1974). As with other potential im- 
provements through rDNA approaches, the 
benefits can be resized with no increased labor 
input and would be genetically transferred 
from generation-to-generation, once success is 
achieved. 

Use of Recombinant Animals for Physiologi- 
cal Study, It is conceivable that genetically 
engineered animals might be useful as models in 
studies of specific gene product function in 
a manner analogous to hormone treatment 
experiments performed currently. The advan- 
tages to be gained with recombinant animals are 
that the inconvenience, stress, and imprecision 
associated with traditional animal experimen- 
tation might be overcome to a significant 
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degree. In studies with recombinant animal 
models, laboratory animals might be made 
transgenic for a particular gene and, with regu- 
lated expression, the specific effects of the gene 
product could be evaluated separately from, or 
in association with, other related gene products. 
In their elegant studies on expression of metal- 
lothionein/rat and human GH fusion genes in 
mice, Palmiter et al. (1982, 1983) have pre- 
sented information on a variety of aspects of 
GH function and regulation. These studies illu- 
strate the concept that transgenic animals can 
be used effectively in physiological research. 
Although the list of currently available gene 
products from livestock species is short (essen- 
tially limited to peptide hormones, milk pro- 
teins, some secretory products, some enzymes 
and histocompatibility antigens), the potential 
list is huge. Each gene product would offer 
possibilities for study of physiological effects 
through production of specific transgenic ani- 
mals. With the accumulation of this knowledge, 
the capacity to control and exploit multigene 
traits may be attained. 



The Promise of— 
and Problems Restricting Progress Towards— 
Recombinant Livestock 

Laboratory experiments performed during 
the last 3 yr clearly demonstrate that specific 
cloned genes may be transferred into the germ- 
line of mammals, and that these genes will func- 
tion to produce their specific gene products, 
pheno typically altering the resulting recom- 
binant animal. The animal used for these 
studies has been the laboratory mouse. Pri- 
marily, this is because a great deal is known 
about the genetic makeup of this animal and 
embryological procedures of handling and cul- 
turing mouse embryos are well established. 
Although all published experiments, to date, 
have used the mpuse system, there arc not sub- 
stantial restrictions to utiUzing other laboratory 
or livestock species in such experiments. 

Although procedures for collection, handling 
and culture of livestock embryos are not as well 
established as those for the mouse, livestock 
embryology has advanced to the level where 
one-cell pronu clear eggs may be recovered, 
cultured, micromanipulated and transferred to 
recipient females with sufficient efficiency to 
allow gene transfer experiments in these 
species. Two major obstacles to successful gene 
transfer in livestock do remain: (1) the low effi- 



ciency of the present gene transfer process, and 
(2) the dense, pigmented cytoplasm in most 
livestock embryos that makes the pronuclei, 
making injection difficult, if not impossible 
(figure 3). It seems likely that these obstacles 
will be overcome in the near future, opening 
the "door" to a revolution in livestock genetics. 

Little is known of the developmental 
biology of domestic animals. This is important 
because the control of gene function varies with 
the developmental stage of the individual and 
with physiological status. Controlled expression 
of genes in laboratory animal development is 
reasonably well understood, but to date practi- 
cally no research has been done in this critical 
area in livestock species.. Thus the ability, to 
control gene product production in relation to 
a particular physiological state, function, or 
organ system is critical if the desired effect is to 
be realized. 

Another handicap to gene engineering in 
livestock species is the lack of knowledge of 
gene products important for functions related 
to production. It will be necessary to identify, 
characterize and isolate gene products impor- 
tant to animal production before the genes 
specifying these gene products can be isolated. 
This will necessitate reorientation of animal 
scientists or molecular biologists to carry out 
this important function. Without such; knowl- 
edge, only a limited number of genes will be 
usefully available for gene transfer. 

With regard to the limited set of genes avail- 
able for use in livestock genetic engineering, an 
often-raised assertion is that, because most 
important production traits are controlled by 
multiple genes, genetic enginering will have 
little impact on most aspects of production. 
The response to this assertion must be offered 
at two levels. First, the multigene traits offer 
not only a greater challenge because the com- 
plexity of control of the trait is almost cer- 
tainly greater than would be true to single gene 
traits, but the multigene traits probably offer 
greater opportunity for benefit because at least 
some of the genes could have additive and(or) 
cooperative effects, if the entire trait is; hot con- 
trolled by a single gene (a "bottleneck" in a 
pathway). On the other hand, if the ''bottle- 
neck" situation exists, then once the limiting 
gene is identified the multigene trait would be- 
have as a single gene trait until the next limit- 
ing gene function became restrictive. Clearly, 
this would be more complex and challenging 
than truly single gene functions, but there 
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are benefits to be gained not only in terms of 
improved animal productivity, but also in the 
fundamental knowledge of the biology of live- 
stock. The second response to the assertion is 
that the very first anticipated use of genetic 
engineering in livestock will be in an area— 
growth efficiency-that is certainly a multigenic 
trait. Several of the genes that are involved in 
growth are known, and it seems certain that 
more genes that influence growth efficiency 
ultimately will be identified. Some of the gene 
products involved in regulating growth effi- 
ciency are: GH, GH releasing factor, somato- 
statin, insulin-like growth factors, enzymes con- 
trolling steroid production, enzymes control- 
ling thyroxine production, et cetera. Yet, as 
reviewed above, GH transgenic animals can be 
expected to have dramatically improved growth 
and milk production efficiency. As more 
knowledge in livestock genetics at the level of 
the gene, as opposed to the "trait" is obtained, 
the utility of genetic engineering of the various 
production functions will be more certain. 

Promoters are the control portions of genes 
that allow structural genes to be expressed at 
the appropriate time and at an appropriate rate 
for the function of an organ in a particular 
physiological status. Thus, promoters not only 
initiate gene expression, but they also regulate 
the amount of expression that takes place 



under a specific condition. Therefore, knowl- 
edge of a variety of gene promoters for use with 
gene transfer in livestock species will be a 
necessity. Eventually, it may be possible to 
program animals to perform differently in 
response to specific triggering mechanisms 
(such as feed additives, environmental factors, 
or semiochemicals) if promoters sensitive to the 
triggering mechanisms were inserted upstream 
from the structural transgenes. For example, an 
animal might be designed with GH genes, genes 
for increasing litter size and genes for resistance 
to internal parasites. If a sufficient variety of 
promoters were available and if promoter/ 
structural gene constructs were specifically 
chosen, it might be possible to cause the feniaie 
to grow to normal size at the normal rate, yet 
her offspring would have accelerated growth 
rates in response to a specific feed additive. At 
the time of breeding, a pheromone might be 
used to cause the promoter for uterine gene 
products responsible for enhancing embryo 
survival to be expressed. At periodic intervals, 
triggering agents (for example, photopcriod) 
might be used to promote parasite resistance. 
Therefore, with appropriate promoters, a 
variety of functions might be programmed into 
the same animal and expressed at the will of the 
livestock manager. However, it must be empha- 
sized that these possibilities are relatively far 




Figure 3. Sheep zygote. Cytoplasm of livestock animal zygotes is dense and pigmented, making observation 
of pronuclei difficult. 
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into the future because only a very few promo- 
ters, over which currently we have little con- 
trol» are presently available for this use. 

While genetic engineering of animals presents 
opportunities, the cost and complexity are 
significant considerations. At present the 
genetic engineering programs underway involve 
personnel from several institutions bringing 
together the required expertise in several fields. 
Although the assembly of requisite expertise at 
one location would be a distinct advantage, cost 
and lack of availability of expert personnel has 
been a detriment. Several types of expertise 
focusing on production of transgenic animals is 
needed. A minimum combination of expertise 
would include mammalian rDNA technology 
(for isolation of structural genes and promo- 
ters); microbial rDNA technology (for cloning 
and multiplying genes); nucleic acid hybridiza- 
tion and blot transfer techniques; protein 
analytical techniques; developmental and 
physiolojgical biology, retrovirolpgy; embryo 
collection, culture, and manipulation; animal 
husbandry and animal performance analytical 
techniques. Some of these capabilities may be 
resident in a single person, but efficiency would 
require more than one person collaborating on 
some areas. Thus, it could be anticipated that a 
minimum of four or five scientists concentrat- 
ing on the group objective would be a necessity. 
Cost of setting up and operating is substantial 
also. To start a program from "scratch*' cur- 
rently would require several hundred thousand 
dollars to equip and several thousand dollars 
per month to supply each investigator, assum- 
ing that some of the equipment would be 
shared. In addition, technical assistants and 
graduate students would add to the cost. 
Another consideration is that gene constructs 
and some aspects of the technology will be pro- 
tected by patents. 

Clearly, gene transfer and recombinant live- 
stock offer a means to alter the fundamental 
genetic makeup of livestock to a greater extent, 
in a few decades, than may have been achieved 
in the entire past history of the science of 
livestock genetics. Those of us involved in this 
research look forward to the challenge and 
promise of this exciting new technology. 
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i High Level, Regulated Expression of the Chimeric P-Enolpynivate Carboxykinase 
|GTP)-Bacterial C?*-Alkylguanine-DNA Alkyltransferase (ada) Gene in 
^Transgenic Mice^ 

lij, Kyoung Lim, Luta L. Dumenco, Jeung Yun, Cheryl Donovan, Berta Warman, Naemi Gorodctzkaya, Thomas E 
Wagner, D. Wade Qapp, Richard W. Hanson, and Stanton L. Gerson* 

'heiwmenU of Medicine fl.KJ..,C.D.,a.W.,N.G.,SM^^ , , , 

f^±!- ' ^^^STRACT reas^ in^u^g tumors in tissues which have a low capacity for 

V Tnwsgenlc animals expressing genes capable of repairing DNA may l^''" f O'-alkylguanine-DNA adducts (e.g., brain, mammary 
>e a valuable tool to study the effect of DNA-damaging agents on tissue- "^J """^ marrow and thymus (6-9). Other TV-nitroso com- 
:^pecific carcinogenesis. For this reason, we constructed a chimeric gene P"""*'*' such as the nitrosamines, require metabolic activation 
consisting of the promoter-regulatory region of the pbosphoenolpyravate ^° Produce the proximate carcinogen (10). With these agents, 
icarboxykinase (GTP) (EC 4.1.1 J2) (PEPCK) gene linked to the Esehe- t'ssues which enzymatically produce the proximate carcinogen] 
ricMa eoli ada gene coding for O'-alkylguanine-DNA alkyltransferase such as liver, kidney, and lung, are the targets for malignant 
aiid the polyadenylate region from the bovine growth hormone gene. The transformation (11, 12). In many instances the target tissues 
PEPCK promoter results in gene expression in liver and kidney and is for nitrosamine carcinogenesis have higher alkvltransferase ao 
"t^ li^7 r^"*"'^ '^^ ^^'y •''^i"' '"ammary tissue, or bone man^ow but are able 

SlISTthtr r ^^^^^^^ 

contained 5-10 copies of the intact t^ns gene per genome. Two founders .uT^r^A V • f,"?' carcinogenic doses are those 

transmitted the trans gene In a heterozygous manner, whereas 3 trans- T sufTicient O -alkylguanme lesions to overwhelm 

K ihitted as germ line mosaics and 1 did not transmit to F, offspring. AH alkyltransferase (1,3, 1 1-13). While it appears that the 

1; -fr. F, offspring carrying the PEPCK ada iwim gene expressed ada mRNA alkyltransferase has an important role in protection from 

I; ^^^m and produced a funcHonai alkyltransferase with a ^i^troso compound induced carcinogenesis, it is also clear that 

I : : protein molecuter weight of 39,000 originating from the bacterial gene. *he relationship between DNA damage and tissue specific DNA 

I Total alkyltransferase acUvity was increased in the Uver of F, offspriog repair in chemical carcinogenesis is complex For this reason 

. from an founder mice, but offspring of only one fomider had elevated it is important to analyze the carcinogenic process within de- 

^ rLSrf r^^^^^ ; r^''" "^^'^'^ ^"^^^^ '"'"^^ ^'^^^^ manipulation of a single componemof the 

mRNA and alkyltransferase activity within 1 week in both liver ami process can be Studied gie component of the 

:^ kidney, whereas a high carbohydrate diet for 1 week markedly reduced PrAvio-.c u^ ' a . j . 

expression of PEPCK ada and alkyltransferase levels. Nonminsgenic , ^'T ^ ' ^ documented that alterations in alkyl- 
I - : animals were unaffected by these dietary manipulations. During induction activity can change cellular susceptibility to N- 

I with a high protein diet, hepatic alkyltransferase in transgenic mice was ""''^^so compounds in vitro. Decreasing the level of alkyltrans- 

l 1<5.6 ± 1^ units/Mg DNA (mean ± SE) compared to 53 + 0.6 units//ig f®*"^^ culture cells using the specific alkyltransferase 

I I>NA in control animals. This level of alkyltransferase is higher than <n*»>bitor, 0*-methylguanine, increases the cytotoxicity, muta- 

I • that in any mammalian tissue noted previously except human liver, genicity, and chromosomal aberrations caused by both methy- 

Transgenic animals expressing high levels of alkyltransferase should lating and chloroethylating nitrosoureas (14-16) To signifi 

' ^nA^'^"'^'''!^^^ P^"*'^''"' carcinogenesis cantly increase alkyltransferase activity in mammalian cells we 

induced by yv-mtroso compounds. and others have used gene transfer of the EscheriMa'Zl 



i ■ 



alkyltransferase gene, ada (17-19). The bacterial alkyltransfer- 

INTRODUCnON ^« '*«Pairs C?*-methylguanine adducts by a similar mechanism 

to that of the mammalian protein (20). Following ada gene 

The tissue specificity of chemical carcinogenesis appears to transfer into mammalian cells, expression of the bacterial al- 

depend on the overall level of DNA damage relative to the kyltransferase results in resistance to the cytotoxicity and chro- 

capacity for DNA repair. Perhaps the best studied example of niosomal aberrations of nitrosoureas (17-19). Cumulatively 

this is the carcinogenicity of the A^-nitroso compounds which the in vivo and in vitro data suggest that the alkyltransferase 

^ damage DNA and induce tumors in specific rat and mouse protects cells from the DNA-damaging effects of iV-nitroso 

|: tissues (1-3). One of the critical proteins responsible for repair compounds. However it remains unknown whether increased 

|: : of DNA damage induced by A^-nitroso compounds is 0*-alkyl- expression of alkyltransferase could alter the carcinogenicity of 

i guanme-DNA alkyltransferase (alkyltransferase) which repairs A^-nitroso compounds and decrease tumor induction in a tissue- 

I : : O -alkylguanine lesions in double-stranded DNA (4, 5). Thus, specific manner. 

I compounds which dir ectly damage DNA, such as the nitrosou- Transgenic animals expressing DNA repair genes may be a 

iH Received 8/10/89; revised 1 1/28/89. ^^^"^ DNA-damaging agents on 

j The costs of publication of this article were defrayed in pari by the payment t*SSUe-specific carcinogenesis. For this reasOn, we produced 

I of page charges. This article must therefore be hereby marked advertisement in transgenic animals expressing the ada Rene To Drovide tiwiiP 

r . o, dk. r"«-«y°f'"^«-eexpn.ssion,weuSized.heLucilS 

21889 and DK-24451 (to R. w. H.). CA-08644 (to L. L. D.), and P30CaU3703 tissue-specific mammalian promoter, PEPCK^ (EC 4 1 1 32) 

|;> W^;,';!;^'^^;:!;/?^ (21, 22) to potentiall y .arget gene expression to the lim and 

I 'Recipient of a Edward Mallinckrodt. Jr., Foundaiion Scholar Award. To 'The ablmviaiions uud «»• PFPrif «h„— k..^ i . .... 

I . • '^"S*" "P/'"" """"" ^^"^^ "•POrtmcm of Medicine. (GTP)%DSrSl^Ifa" paG^^^^ 

^: . m..rs.xy Hospitals of Cle>.l.nd. 2074 Abing.on Road. Oeveland. OH 44106. LpDH. Si;cen.irh?^-ffiX;e P^^^^ 
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kidney The PEPCK promoter is a well-characterized and 
unique promoter system which has defmed glucocorUcoid and 
CAMP response elements (23). Transcription from the PEPCK 
promoter is increased in the presence of g^ucocorUco.ds and 
cAMP and decreased by insulin in tissue culture cells (24, 25). 
In transgenic animals, the PEPCK promoter acts in the n^ner 
predicted by expression of endogenous PEPCK: when hnked to 
the bovine growth hormone gene, the chimeric trans gene is 
efficiently expressed in a tissue-specific manner in liver and 
kidney and is regulated by diet and hormones (22). By utilizmg 
the chimeric PEPCK ada gene, our aim was to target orfa 
expression to liver and kidney and determine whether alky - 
transferase activity in these tissues can be induced significantly 
above basal levels. Characterization of the expression and m- 
ducibility of the chimeric gene will enable us to then test the 
hypothesis that increased alkyltransferase activity will decrease 
carcinogenesis of AT-nitroso compounds in vivo. 

MATERIALS AND METHODS 

Chemical Reagents. Restriction endonucleascs and other DNA-mod- 
ifying enzymes were purchased from Boehringer Mannheim The ol^ 
gonudeotide-labeling kit was obtained from Pharmacia. l«-' PldCTP 
(3000 Ci/mmol) and Gene Screen Plus were obtained from New Eng- 
land Nuclear. Geneticin (G-418) was purchased from GIBCO. Guani- 
dinium thiocyanate was obtained from Fluka and cesium chloride from 
Boehringer Mannheim. AU of the other reagents used in the study were 
purchased from Sigma Chemical Co. or Pharmacia and were of the 

highest purity available. , j- . 

Animal Maintenance and Breeding. Animals were fed a regular diet 
of Purina rodent chow and acidified yuan ad libitum and givenstandard 
fluorescent light illumination for a l2-h cycle each day. Certain aniinaU 
were switched to either the high protein or high carbohydrate die 
formula for either 1 or 4 weeks. Animals were killed by cervical 
dislocation while under ether anesthesia. The high protein diet con- 
tained 64% casein. 22% «-cell nutrient fiber. 11% vegetable oil, 2% 
brewers' yeast, and a 1% mineral mix with vitamins. The high carbo- 
hydrate diet contained 81.5% sucrose, 12.2% casein, 0.3% DL-methio- 
nine, 4% cotton seed oil. 2% brewers' yeast, and a 1% mineral m« plus 
vitamins (Nutriaonal Biochemical Corp.).- 

Plasmids pSV2adfla/*B was kindly supplied by L. Samson. Harvard 
School of Public riealth (19), and pBSM13 into which the 3' end of 
the bovine growth hormone gene had been inserted was the gift of F. 
Rottman, Case Western Reserve University S^^^^^^^^^^^ 



HPXB Sm 




H PX8X 

I 



Transgene 

Fig. .. construction of the chin,«ric ^^^9*^ ^<!'j:^^ttX^i 

plasmid. The 71«H>a4e P»"^''™"' .. .h. oliv(A) region (29) was inserted into 
,he pBS M13 plasm d. J"*/ ,„r!; hOTi^Mowtb hormone fragment in pBS 
Sl' Ji of thVrviSe growth hormone eene.PoWA) s.,^ «^ >^^^^^^^ 

honnone; bp, base pairs. 



the bovine growtn normonc g^.- • - 7- r". " . procedure for microinjection of recombinant DNA h»f^«" ^^^"5^^. 

Rottman, Case Western Reserve University School of Meduane P j „ fertUlzed embryo was flushed from C57B/ 

pp2kBH1.2 has been described (24). The 1.3-kilobase rat GAPDH '^^^l j;^ g h after ovulation, and the pronucleus 

Sememary DNA fragment was isolated from pRGAPDH-1 (26). J ^^^^^^ containing PEPCK ada after which tte . 

Plasmid Construction and Preparation of Recombmant DNA for In- reimplanted in pseudopregnant mice (30). Offspring were 

iection. The E.co/ialkylttansferase gene, flrffl, was isolated as the 1320- ^ „ 4 ^eeks and tail samples taken for analj^ of DNA. - 

pair mndlM-Sma\ fragment from ^SWladaalkB. The '''=^1^1 Analysis. Mouse Ussues were removed and di«iected over hqmd 

t&yiadaalkB plasmid contains the ada-alkB operon which was ong.- immediately frozen in liquid nitrogen and stored at -80 c. 

Sliy iMhitedlJ Lemotte and Walker (27) from £.co/i K-12. The 621- methods used to identify mice carrying the trans ^ . 

"Z^^Tall-Bzni fragment isolated from pPCK BH1.2 contains J^^/^^^p^eviously reported (22, 30). Briefly. «NA w- ext««^ , 

the region from -548 to +73 of the rat PEPCK promoter-regulatory ^ ^ j^^bed (22, 31). resuspended m 10 ^*^J^^^^1^^ i 

renion. The PEPCK promoter and ada gene fragments were ligated ^ ^ o„,o Gene Screen Plus ™«f P>P" : 

together in the Clal 2N plasmid (28) and isolated following HinMl- "J„^n concentrations of 2.5. 5. and 10 m8 using a Schleicher and 

Smal digestion (Fig. 1). The 710-base pair Smal-EcoM fragment from ^^^^m. The number of S*"?,;;^** j^'^ ^rf 

the 3' end of the bovine growth hormone gene which includes a portion j^,,^ ^y standardizing each slot blot with known ""^ounB w 

of the fifth exon and the poly(A) region (29) was ligated into pBS ^^^^^^^ ada gene. The gene copies per founds ^ 

M13 ' and the PEPCK ada chimeric gene was then inserted 5' to the ^ ^ ^^^^s obtained from the founder ano 

boviile growth hormone fragment at the //i/irfIIl-Sm«l sites. The 2340- _ ^^en available. k j r„r 1 b ' 

base pair PstXSphl fragment which contains the PEPCK ada gene and ^ ^^^^^^ ,he Gene Screen Plus filter «^ """"l. « 25 ' 

364 base pairs from the 710-base pair region of the bovme growth oven, prehybridized in a »»"''°7J5<)% formam.de 0^ .. 

hormone gene [which includes the poly(A) sequences] was isolated by ^a^HPO.. 0.25 M NaCl, 2 mM EDTA, 0 "''^^.f^^rS ^ 

agarose gel electrophoresis, purified by phenol-chloroform extraction. ^ , denatured salmon testes DNA for 2 h at 42 t. a 

passaged through an Elutip filter (Schleicher and Schuell). and sus- '^^J^^^,^,, ,.^ki,obase««<fllW««l«rf« figment isolated^^^^^ 

Sended in sterile water for injection al 15 ng/^l. ^^yiadaalkB (labeled with l«-"PJdCTP using the Pharmacia mndo" 

Microinjection of Recombinant DNA Into Single-CeU Embryos. TTie J Alters were incubated for 48 h at 42 C. 'cashed 'n 0. 
. Lndardsalinecitrate-0.1%SDSat50-C(br45mm.andexposeo 

*F Ron nian, unpublished results. 
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MM'§>-:i'^'^^^^^^ was hybridized with the 1.3-kiIobase ada probe (see above) 
•§fS-f - V^^^ t-'onsisting of 50% formamide, J M NaCi, 0.1% NaHPOj, 

and 100/ig/ml 
it42'Cfor 48 h, 

SDS at 55'C for 

: and exposed as described above for Southern analysis. Each 

washed with \% glycerol for 3 min at 80*C to remove 
•^^^^aia.P^^ and rehybridized with GAPDH probe to identify the varia- 
:;^Jf^f^":; bdlity of mRNA loading in each lane. 

Wp;:. - Measurement of ^)*-Alkylguanine-DNA Alkyltransferase. Tissues 
dissected from animals and frozen in liquid nitrogen. To prepare 
t f!^"^ ^'t^ract, tissues were suspended at 100 mg/ml in cell extract 
buffer [70 mM 4-(2-hydroxyeihyI)-l-piperazineethanesulfonic acid, O.I 



Kbp 



9.4- 



6.5- 



4.3- 




2.3- 



2.0- 




"^:?.V • was measurea as removal oi the raethyl-^H adduct from 0'-[^H] 

Wiil wethylguanine in methyl-'H DNA alkylated with W-(^H)methylnitro- 
ispurea (4, 34, 35). An alkyltransferase unit of activity is defined as the 

te i^v removal of 1 fmol of 0*-methylguanine from the substrate DNA and 

p^;:\^: is reported as units/)ug cellular DNA (35). 

Iliffi SOS-PAGE Analysis of Alkyltransferase. Reaction of the alkyltrans- 
^ ' .: ferase with substrate [methyl-^HJDNA-containing O^'-I^Hjmethylguan- 
;|iile adducts results in covalent transfer of the methyl-^H group to the 
iaijcyltransferase. Following SDS-PAGE, the two forms of the alkyl- 
- transferase can easily be distinguished by molecular weight: the molec- 
weight of bacterial alkyltransferase is 39,000 with two proteolytic 
.a^^ products (AT, = 20,000 and 19,000) and the molecular weight of 
■^4!!::. ™mmalian protein is approximately 23,000 (36). Tissue extract 
|::iv.:;cpntaining 1 mg protein was reacted with 15 /ig methyMH DNA 
(specific activity 10.4 dpm/fmol 0*-methylguanine) at 37"Cfor45 min. 

PlSj^rt^ If^^- -J,;^»tical DNA fragments in each instance when 

fe- autor^diogram was exposed. ) 'or i h at C, and an genomic DNA was digested with either Xbal or Sphl and 

1^:= : BamUL In addition to these prominent bands, a faint band is 

It- =; ^ seen in each lane of the group digested with Xbal which repre- 

sents a "junctional fragment" between the ada gene and gen- 
omic DNA. If there is one insertion locus in each founder, one 
junctional fragment would be seen. This was, in fact, observed 



Fig 2. Identirication of the PEPCK uila trans gene in founder transgenic 
mice. Twenty genomic DNA prepared from the tail of founder animals were 
digested with Sphl and BamHi to excise Ihe intact trans gene or with Xbai which 
cuts once within the trans gene to identify tandem repeats and /rawj gene/genomic 
DNA junctional fragments. The DNA was separated on a 0.8% agarose gel and 
subjected to Southern analysis using the intact ada gene as probe. The exoected 
size of the trans gene is 2.3 kilobase pairs (Kbp). 



P;^::RESULTS 



Production of Founder Animals. The PEPCK ada gene (Fig. 



p:; .: . n ' ■ . J " . " ^ J"n^"onai iragment would be seen. This was, in fact ob<;prvpH 

Plii^^^ i"**" "'r'"^^'' in DNA from each founder. Southern analyS;?S^S 

I wmch 65 normal mice were born. Sputhern analysis of genomic from the F, offspring of founder 10-49 dig^tS S either 

p DNA taken from tail segments at 4 weeks of age identified 6 Xbal or Sphl/Bamm gave the identi^l oaS to L 

P amnuds carrying *e PEPCK ada gene (Fig. 2). A 2.3-kilobase with the founder anim^S^ ^TtT^wnTSl/SS 

m:^^ f'^8'".ent hybridizing to the ada probe was identified after that a single chromosomal insertion locus is nresen? for S 

m- <«'gestion with either Xbal or with SpM and BamW. The 2.3- founder animal ^ 

kilobase fragment is the expected size of tandem repeats of the Table 1 shows the germ line transmission analysis for each 

Sm K Ta ' f^"""*^' F^-nde-^ 10 and 49 have Sivel low 

i^^^ I'*^ "P^^" g^""'"^- These fou^der^nsmk 

^ ■ TieTeXf^f T^^^^ "^"^""•"'^ approximately 50% of offspring aTpSd 

^^^J^r^^ • ^■^^'}°^'^ "^NA fragment strongly ifthe gene is uniformly present in the germ line. TSreeLnS« 

' " ht^ttr '^""'X^t 20. and 21, transmit with frequencies of 15-2^% and S 

P ? h *° ^'^ Other intensively hybridizing considered to have the trans gene present in a mosat pattern 

t JSt^r ? ^ ' Serm line. Finally, founder I with more^ Jw^Se 

?n ?h.l^ J rr"' '^'^ copies/genome, did not transmit the trans gene tJ any of his 

U-. m the founder animals. In founders 2, 10, and 21, for instance, offspring 

Sif v/ I''^ f ^- ^''"^ '° ^''j^^^"* »f Gene Expression. To determine the level and 

aamHl and Xbal restriction enzvme s »ps n th*« S' r<.o:». -i> _ ._ . . "'c 'c^ei ana 



R^^ui J I . • . — . . ««j«v^..* ^iuiij'm:* ui aaa uene iLxpression. 1 0 determine the level and 

BamHl and A-Aal restriction enzyme sites In the 5' region of tissue specificity of ada gene expression F. ofTsDrfnrof th. 
the trans gene, giving rise to hybridization of the ada probe to founder animals were killed, ^rd S^^^^^ 
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Table 1 PEPCK ada trans gene inheritance pattern by transgenic founders 
Six founder animals were analyzed for the number of gene copies/genome by 
Southern analysis of tail DNA. Outbred F, offspring were also analyzed for the 
transgene by slot blot of tail DNA. Transmission was characterized as heterozy- 
gote if approximately 50% of offspring carried the PEPCK ada trans gene and 
mosaic if 10-30% carried the transgene. The ada gene was used as probe. 



Kidney 



Founder 



Gene copies/ 
genome 



Fi transmission, 
positive/total (%) 



Transmission 



2(M) 
10 (M) 
14 (M) 

20 (M) 

21 (F) 
49 (M) 



>100 

5- 8 
10-30 

6- 9 
10-30 

6-9 



0/29 (0) 
22/38 (58) 
4/27(15) 
2/11(18) 
8/31 (26) 
21/33(64) 



None 

Heterozygote 

Mosaic 

Mosaic 

Mosaic 

Heterozygote 
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Fig. 4. Alkyltransferasc in tissue of transgenic mice carrying PEPCK ada. 
Liver and kidney tissue extracts from nontransgenic control (C) and F, offspring 
of founder animals 10, 49, 14, 20, and 2 1 were assayed for alkyltransferasc activity 
as described in **MateriaIs and Methods.** Bar, mean ± SD of the average of 
duplicate determinations of activity in 3-7 different animals except for founder 
20 offspring in which only 2 animals were available. 



Founds* 



4^- 



Fig. 3 PEPCK ada gene expression in liver and kidney of heterozygote 
olfspring of founder animals. Twenty tx% total cellular RNA, prepared from the 
liver and kidney of F, ada* heterozygote offspring of founder ammais, was 
separated by formaldehyde-agarose gel electrophoresis and subjected to Northern 
analysis using the intact ada gene as probe. As a measure of the vanability of 
mRNA loading in each lane, the membnme was also hybridized wuh the CAPDH 
probe as shown. Each lane represents a different animal and is labeled according 
to the founder parent. no mRNA loaded in the lane. A band representmg the 
expected size of the ada mRNA transcribed from the PEPCK promoter is seen 
in each lane. No bands hybridizing with ada were seen in RNA isolated from 
nontransgenic mice (data not shown). The large sized hybridizing signal seen m 
the kidney of the founder 21 offspring may represent nonspeciHc hybridization 
with 28SR RNA and has not been seen in Northern analysis of other founder 21 
offspring. 




Fig. 5. Identification of bacterial alkyltransferasc in transgenic mice. Cell 
extracts from liver and kidney containing 1 mg protein were reacted with 15 ^% 
methyl-'H DNA for 45 min at 37'C and the proteins separated by SDS-PAGE. 
An autoradiogmm was exposed. The endogenous alkyltransferasc has a molecular 
weight of approximately 23,000. A characteristic doublet or triplet (K « 22,000- 
26,000) was always observed in liver extracts. Alkyltransferasc derived from the 
bacterial ada gene has a molecular weight of 39,000. 10 and 49, founders from 
which Fi offspring were derived; -, nontransgenic mice; numbers on lefi^ M x 
1000 of marker proteins. 

oared from various tissues and analyzed by Northern blot using 

the 1 3-kilobase ada gene as probe. Fig. 3 shows analysis of adducts (37), these are not measured m the enzyme assay we 
RNA extracted from the liver and kidney from F. offspring of performed (34). Thus, a doubling in actmty m transgenic versus 
founders 10 49 14 20, and 21. The amount of mRNA con- control liver would indicate an equal number of alkyltransferasc 
taining ada was much higher in the liver than kidney, whereas molecules of mammalian and bacterial origin. Each group of 
the level of endogenous PEPCK expression was similar in both F, offspring had a 1.5-2.4-fold increase in alMtransferase 
tis.sues (data not shown). No RNA hybridizing with ada was activity in the liver as compared to control animals. The levels 
observed in the lung or spleen (data not shown). There was of kidney alkyltransferase activity ^^^^ ^^'f^^^^^^^^^^^^^^ '^^^ 
some variation in the level oiada mRNA expression among F. liver, and F. offspnng from founders 10, 14, 20, and 21 did not 
offsorinR from different founders. However, all animals derived show increased renal alkyltransferase activity compared to non- 
from the 5 founders expressed ada mRNA in the liver and transgenic litter mates. However, renal alkyltraiis^^^^^^ 
kidney. The sex and age of the animals also did not seem to was increased in offspnng from founder 49; [2.1 ± 0.3 (mean 
affect arfa gene expression (data not shown). ± SE) versus 0.9 ± 0.1 units/^g DNA]. Reduced renal alkyl- 

Tissue Alkyltransferase Activity in Animals Carrying the transferase activity in founder 20 offspring may be an artifact 
PEPCK ada trans Gene. Fig. 4 shows the alkyltransferase of the small sample size (n - 2). 

activity in the liver and kidney in control animals (Q and To confirm that the increased alkyltransferase was due to 
outbred F. offspring from each of the transmitting founder translation from ada mRNA, cell extracts were incubated with 
animals. Alkyltransferase activity was measured as removal of |methyl.^H]DNA-containmg OM^Hlmethyiguan.ne DNA ad- 
0«-methylguanine adducts from substrate [methyl-^HJDNA, ducts to label functionally active alkyltransferase molecules of 
methylated with yV-I^Hlnitroso-yV-methylurea (32). Thus, activ- both bacterial and mammalian origin, and then the proteins 
ity in transgenic compared to control animals can be compared were separated by SDS-PAGE. Fig. 5 shows that l.ver and 
on the basis of relative capacity for removal of O^methylguan- kidney from transgenic animals contamed a labeled protein of 
ine DNA adducts. While the bacterial alkyltransferase will also M 39,000, which was the expected size the bacterial alkyl- 
remove O^methylthymine adducts and methylphosphotriester transferase protein transcribed from the ada mRNA. The bac- 
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^HiJ; alkyltransfierase protein band was much stronger in liver 
.. J^l^cts than in kidney extracts. Even though renal alkyltrans- 
i^^^^e; activity was not increased in offspring of founder 10, a 
^^^^^^j||it labeled protein of Mr 39,000 was seen, indicating that 
^^^^ll^e; animals also expressed the bacterial alkyltransferase in 
^^^m^kidney (data not shown). The amount of mammalian alkyl- 
^^||&sfi;ra^^ found in the liver and kidney was the same in both 
^^j^^jpisgenic animals and their nontransgenic litter mates. The 
^^Ipecular weight of mammalian alkyltransferase is about 
^^|0pO (36) and multiple bands were always seen in the 22,000- 



Kidney- 



high protein diet 



Control 
diet 



=1 



^Jp^OOO molecular weight region in the liver, possibly due to the 
^^tion of a nonspecific protease. In the kidney, the mammalian 



■ v^S5^%W^^>v/7T,T;^ — • ^7 

i^^piilkyltransferase was expressed at low levels and 
i^^^pjiitly be detected by SDS-PAGE. 
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^jj^iiitlyl 

^pfe i jPietary Regulation of PEPCK ada Expression. The activity of 
^^jj^j^atic jPEPCK is induced by a diet high in protein but low in 
^^■i^rbohydrate and markedly reduced by a diet high in carbohy- 
pirate (38). To test the regulation of the trans gene, F, offispring 
^l^l^fbunders 10 and 49 and nontransgenic litter mates were fed 
^^ftti'^^^ regular rodent chow or a diet high in protein or high in 
_ . Biprbohydrate for 1 or 4 weeks prior to being killed. There was 
^^^f^marked increase in ada mRNA in the liver of animals fed the 
yilljgh protein diet compared to transgenic animals fed a regular 
;i|iet for 1 week (Fig. 6). We could detect no ada mRNA in 
: ai|iimals fed the carbohydrate diet for the same period. Expres- 
Mpn of the ada gene in the kidney was induced in 1 of 3 founder 
:|>j|;p .lO off^ and I of 3 founder 49 offspring who were fed a 
diet high in protein (Fig. 7). However, PEPCK ada expression 
||S : *® kidney was not reduced by a diet high in carbohydrate 
l^ll'. : '^ot shown). These results are consistent with the pattern 
? of regulation of expression of the endogenous PEPCK gene in 
ijie Uver and kidney (21, 24, 25, 39). Transgenic mice fed the 
^ high protein diet had a further increase in hepatic and renal 
K:- ; .2J**^y'transferase activity above that of nontransgenic (ada") and 
|;:|-;: : uninduced (ada^) transgenic animals, whereas animals fed the 
carbohydrate diet had alkyltransferase activity in the liver and 
kidney that was similar to that seen in nontransgenic animals 
(Fig. 8). The induction of kidney alkyltransferase by a diet high 



28s- 



I8s-* 



Cont 



High Protein 



CHO 



ada 



GAPDH-* 






1 2 



3 4 5 6 7 8 9 10 




11 12 



Fig. 6. Dieiary regulation of PEPCK ada in the liver of transgenic animals. 
Transgenic mice were fed a regular diet {Cont, Lanes J and 2). A high protein 
diet {High Protein, Lanes 3-10) or a high carbohydrate diet (CHO, Lanes II and 
12) for 7 days and 20 /ig total cellular RNA extracted from liver was subjected to 
Northern analysis using the ada probe. The variability of mRNA loading is 
indicated by the intensity of the signal produced after probing the same membrane 
with CAPDH. GAPDH mRNA levels did not change during dietary manipula- 
tion. Increased ada expression was seen in liver from the animals on the high 
protein diet and decreased or absent expression was seen in animals on a 
carbohydrate diet. RNA isolated from offspring of founder 49 are shown in Lanes 
1-4 and 9- 12 and from founder 1 0 in Lanes S-8. 
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Induction of PEPCK ada in kidney of transgenic animals fed a high 
proiem diet. Transgenic animals were fed either a regular (control) or high protein 
diet for 7 days, and 20 total cellular RNA extracted from kidney was analyzed 
by Northern analysis using, sequentially, ada and GAPDH as probes. Increased 
expression of ada was seen in kidney of two animals fed the diet high in protein 
Lanes 1-3, RNA from offspring of founder 10; Lanes 4-8, RNA from offspring 
of founder 49. The level of ada mRNA mice fed a control diet was greater in 
offspring of founder 49 than founder 10 (see Fig. 3). 
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Fig. 8. Dietary regulation of liver and kidney alkyltransferase activity. Trans- 
genic animals fed a regular {NORMAL), high protein {HI PRO), or high carbo- 
hydrate diet {CHO) for 7 days were sacrificed and liver and kidney werx; a.«ayed 
for alkyltransferase. White columns, control nontransgenic adii litter mates; btaek 
columns, ada* transgenic mice offspring from founders 10 and 49. Data represent 
the means ± SE ibars)of duplicate determinations of the activity in tissues derived 
from 3-5 mice in each group. 

in protein was greater in offspring of founder 49 than in 
offspring from the other founder animals. Hepatic alkyltrans- 
ferase activity in transgenic animals fed a high protein diet for 
1 week increased to 16.6 ± 1.5 units/^g DNA compared to 5.3 
± 0.6 units/Mg DNA in the nontransgenic (ada-) litter mates 
fed a high protein diet and 7.0 ± 0.8 units//*g DNA in carbo- 
hydrate-fed transgenic mice. 

During these studies, we noted that there was no absolute 
correlation between ada mRNA levels and alkyltransferase 
activity, particularly comparing animals across founder lines. 
Within the same founder and the same tissue, there was a 
relatively good correlation between ada mRNA and alkyltrans- 
ferase activity. Animals fed a high protein diet for up to 1 
month showed similar increases in hepatic and renal alkyltrans- 
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* 1 ^i. Qrk«:-PAr;p malvsis of other mammalian species such as human, rat, or monkey (35, 

ferase activity as that seen at 1 week ^^^^^^ i'"^*^''' Z 16 40^ This mav be one reason that the mouse is susceptible 

functional alkyltransferase (Fig. 9) shows that he mcrea^^^^ ^ .h' ^^^^^^^^ of yV-nitroso compounds (I, 

liver alkyltransferase in transgenic an.m^^^^^^^^ to f^'^^^';^^^^^ i„,,eased alkyltrans- 

tein diet was entirely due to bacterial ^J^^^^^^^^^^^^ Jerlse a t^i^^^^^^^^^^ alter the toxicity profile in normal tissues of 

io the mammalian Ussues.U^^^^^^^^^ Tmb of " nitroso compounds both in terms of acute 

n of ;rSDS £ iiCext^^^^^^^^^ -f- cytotoxicity, DNA adduct formation, and overall carcinogen^ 

high protein diet (data not shown). reS^ce (4^^^^^ study was the first to document that 

expression of the bacterial ada gene will increase resistance to 
DISCUSSION AT-nitroso compounds in mammalian cells in vivo. 

Our studies show that transgenic animals carrying the chi- Although we have measured removal of 0*.methylguanine 
meric PEPCK ada gene have tissue-specific and -regulatable f^om methylated DNA as an index of bacterial alkyltransferase 
ada expression and appropriately increased alkyltransferase expression, it should be noted that the bacterial protem differs 
activity These studies indicate that functional alkyltransferase from the mammalian alkyltransferase because it is also able to 
of bacterial origin can be produced and expressed in transgenic remove 0*-alkylthymine and alkylphosphotnester DNA ad- 
animals The transgenic animals we have characterized may jycts (43, 44). These adducts are formed by different A^-nitroso 
provide an animal model for evaluating the impact of increased compounds to varying extents relative to O -alkylguanine (10, 
tissue alkyltransferase on AT-nitroso toxicity in the liver and 45)^ but the repair of these adducts by mammalian enzymes has 
kidney By targeting ada gene expression to liver and kidney, ^een extensively defined (43). However, the persistence of 
we have increased the alkyltransferase in these two tissues o^-alkylthymine is associated with carcinogenicity (45, 46). 
rather than in all tissues. The liver alkyltransferase activity j^^^^ possible that increased repair of these adducts, 
obtained during induction with a high protein diet for 1 week particularly O^-alkylthymine, will influence carcinogenicity 
(16 6+15 units/Mg DNA) is very high relative to that in other studies. Others have documented the breakdown of the intact 
mouse tissues [range, 0.15-2.6 units/^g DNA (35, 39, 40)] and ^^cteusil alkyltransferase (Mr 39,000) to two functionally active 
higher than that in rat tissues (range, 0-6.8 units/;ig DNA) or fragments (Mr 19,000 and 20,000) in mammalian cells follow- 
human tissues [range 3.1-15 units/Mg DNA (34, 35)] with the transfection (17, 19, 47). This cleavage is thought to be due 
exception of human liver which has alkyltransferase activity of ^ ^j^g sensitive to a thiol protease (48). While these cleaved 
55 ± 9.7 units/Mg DNA (4, 34, 35). Thus, on a relative basis, fragments can function in mammalian cells, they were detected 
the mouse liver ofihese transgenic animals should now be much ^^^j^ ^gvels in vivo in our transgenic animals, 

more resistant to DNA damage induced by A^-nitroso com- indicating that most of the bacterial protein remains intact. If 
pounds than normal, nontransgenic mice of the same strain. mammalian liver alkyltransferase sensitivity to a nonspecific 
In the mouse, tissue alkyltransferase activity is lower than in p^Q^g^se is the explanation for the triplet band seen on SDS- 

PAGE (Figs. 5 and 8), it is of interest that this proposed 
protease does not affect the bacterial alkyltransferase. Addition 
of protease inhibitors does not alter total alkyltransferase activ- 
ity/mg protein' but does seem to aid in the purification of the 
hepatic alkyltransferase (36). 

The endogenous PEPCK gene is expressed in a highly regu- 
lated manner in the liver where it is inducible during gluconeo- 
genesis and in the kidney where it is induced by acidosis (21- 
24). Previous studies with the chimeric PEPCK-bovine growth 
hormone gene in transgenic animals found the gene to be 
inducible in the liver by a high protein diet and inhibited by a 
diet high in carbohydrate (22). We have also found that the 
tissue specificity of PEPCK ada gene expression was retained 
when a truncated fragment of the 5'-flanking region of PEPCK 
was used. It is also possible that the 5th cxon of the bovine 
growth hormone gene present in the PEPCK ada trans gene 
contributed to the stability of gene expression (for a review of 
factors affecting trans gene expression see Ref. 48). 

While two other groups have published preliminary reports 
describing transgenic animals containing the metailothionein 
promoter linked to ada (50, 51), there are a number of advan- 
tages of the PEPCK promoter that make it useful in this system. 
Most importantly, the PEPCK promoter is inducible by dietary 
manipulations, whereas the metailothionein promoter requires : 
the use of heavy metals, which are known to inhibit the alkyl- 
transferase (52). Second, PEPCK trans genes can be turned off 
by a diet high in carbohydrate, whereas there is often a high 
level of basal expression from other promoters used in transr 
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FiR. 9 Induction of bacterial alkyltransferase by a high protein diet in livers 
of transgenic animals. Liver tissue extract containing I nig P^otejn was reacted 
w th 'H-DN/V and separated by SDS-PACE as descr bed .n Fig. 4. The .ncre^c 
in alkyltransferase activity seen in livers of animals fed a high protem die twa 
^nfined to the band of molecular weight 39.000 which ^the size of the bacterial 
Sansferase protein coded for by ada. Note the ateence of the protein of 
moClar weight'39,000 in the animals fed a high carbohydrate d.ei. Transgen^. 
ofTsprinu of founder 49; contrvi, nontransgenic mice; numbtnon left, 
SerTotcins. HPD. high protein diet; CHO. high carbohydrate diet; C control 
or regular diet. 



' S. L. Gcrson, unpublished results. 
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animal work (49). In our studies of PEPCK ada, we found 
neither the diet high in protein or carbohydrate altered 
|f§ji6|enous mammalian aJkyltransferase activity so that the 
^IMiige in the total alkyltransferase activity was due entirely to 
^^Ijihiacteria! protein. Third, McGrane et aL (53) have found 
'Ipt a PEP^*^ begins to be expressed at birth so that 

^^^^iiijologous gene expression will not adversely affect animal 
tiil^sv^lopmenf in utero (49, 54). 

*o regulate expression ada by transient dietary 
,|^Sftip.ulation and thus to alter the liver alkyltransferase 3-4- 
^jiinay be important in the design of future carcinogenicity 
^aii:DNA repair studies using iV-nitroso compounds. Turning 
^|i^|;expression of the bacterial alkyltransferase could be an 
IIIlN?'"*!*^"^ control in these experiments. Conversely, turning on 
^^ie\ada gene at various times after carcinogen exposure will 
||j^;^lp define the time course of DNA damage and repair as it 
pitlates to carcinogenicity. The use of O^methylguanine to 
l|||^plcte tissue alkyltransferase in vivo (55) is another possible 
^feaulator for these studies. Future carcinogenicity studies will 
Ji]fe facilitated by the consistent pattern of PEPCK ada expras- 
pl^flipn observed in the liver of F, offspring from multiple founder 
^" kidney of founder 49 offspring. Understand- 
||ihg the role of a single DNA repair protein in tissue-specific 
in these transgenic animals will help elucidate 
i^me of the basic mechanisms of tumor induction. 
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Summary 

We mutated, by gene targeting, the endogenous 
hypoxanthine phosphoribosyl transferase (HPRT) gene 
in mouse embryo-derived stem (ES) cells. A special- 
ized construct of the neomycin resistance {neo') 
gene was introduced into an exon of a cloned frag- 
ment of the Hprt gene and used to transfect ES cells. 
Among the G418^ colonies, 1A1000 were also resistant 
to the base analog 6-thloguanlne (&-TG). The G418^ 
G-TG*" cells were all shown to be Hprf ~ as the result 
of homologous recombination with the exogenous, 
fieo'-containing, Hprt sequences. We have compared 
the gene-targeting efficiencies of two classes of 
neo^-Hprt recombinant vectors: those that replace 
the endogenous sequence with the exogenous se- 
quence and those that insert the exogenous sequence 
into the endogenous sequence. The targeting effi- 
ciencies of kK>th classes of vectors are strongly de- 
pendent upon the extent of homology between ex- 
ogenous and endogenous sequences. The protocol 
described herein should be useful for targeting muta- 
tions into any gene. 

Introduction 

Gene targeting— the homologous recombination of DNA 
sequences residing in the chromosome with newly intro- 
duced DNA sequences— provides a means for systemati- 
cally altering the mammalian genome (Smithies et al.. 
1985; Thomas et al., 1986; Thomas and Capecchi, 1986). 
A desired alteration would first be introduced into a cloned 
DNA sequence, and gene targeting would then transfer 
the alteration into the genome. Gene targeting should be 
equally effective for correcting or mutating the desired 
chromosomal locus. 

We initiated our analysis of gene targeting in cultured 
mammalian cells by studying recombination between a 
defective gene residing in the chromosome and newly in- 
troduced plasmid DNA carrying a different mutation in the 
same gene. For those experiments, we first established 
cell lines containing a mutant neomycin resistance gene 
(neoO integrated into the genome of mouse L cells. We 
were then able to restore the gene via homologous recom- 
bination by injecting DNA carrying a different mutation in 
the neo'^ gene. In the course of these experiments we un- 
covered two mechanisms for altering chromosomal se- 
quences. The first involved the transfer of information, by 
homologous recombination, from the newly introduced 
DNA into the cognate chromosomal sequence (Thomas et 
al.. 1986). The second involved Inducing mutations in the 



homologous chromosomal sequence by what appears to 
entail inconect repair of a heteroduplex formed between 
the newly introduced DNA and the cognate chromosomal 
sequence (Thomas and Capecchi, 1986). Each of the two 
methods has its own advantages. The transfer of informa- 
tion by homologous recombination allows one to mutate 
or correct the desired chromosomal locus in a defined 
manner. On the other hand, the frequency of altering 
chromosomal sequences by heteroduplex-induced muta- 
genesis promises to be higher than via homologous re- 
combination. This could prove to be a useful method for 
generating a large number of random mutations in spe- 
cific genes. 

In this current study we have extended our analysis of 
gene targeting by using an endogenous gene as the tar- 
get and by using embryo-derived stem (ES) cells as the 
recipient cell line. 

The target gene is hypoxanthine phosphoribosyl trans- 
ferase (Hprf). This gene was selected primarily for two rea- 
sons. First, the Hprf gene lies on the X-chromosome. 
Since ES ceils derived from male embryos are hemizy- 
gous for Hprt, only a single copy of the Hprt gene needs 
to be inactivated in order to yield a selectable phenotype. 
Second, selection procedures have been developed for 
isolating Hprt' mutants. By far the most common path- 
way for cells in culture to become resistant to the base 
analog 6-thioguanine (6-TG) is to acquire a mutation in the 
Hprt gene (Sharp et al., 1973; Wahl et al., 1975). 

ES cells were chosen for these experiments because, 
following inactivation of a chosen gene by gene targeting, 
they should provide the means to generate mice with the 
desired mutation. ES cells have been shown to be pluripo- 
tent In vitro and in vivo (Evans and Kaufman, 1981; Martin, 
1981). When reintroduced into mouse blastocystes, these 
cells contribute efficiently to the fomiation of chimeras, in- 
cluding contributions to a functional germ line (Bradley et 
al., 1984). In addition, it has been shown recently that 
these ceils can be manipulated in vitro without losing their 
capacity to generate germ-line chimeras. Following trans- 
fection with the neo'^gene and selection for G418^ these 
ES cells were used to produce germ-line chimeras that 
stably transmitted G418<' to subsequent generations 
(Gossler et al., 1986; Robertson et al., 1986). HPRT- 
deftcient mice were produced from ES cells that were ei- 
ther selected for spontaneous Hprt- mutations (Hooper 
et al., 1987) or selected for Hprt' following the random in- 
sertion of retroviral DNA into the mouse genome (Kuehn 
et al., 1987). 

Here we describe the site-directed inactivation of the 
endogenous Hprt gene in male ES ceils by gene targeting. 
We examine some parameters that affect the gene-tar- 
geting frequency as well as the mechanism of gene inacti- 
vation mediated by different recombinant vectors. Under 
optimal conditions, we find that 1/1000 cells transformed 
by exogenous DNA can undergo a gene-targeting event. 
The advantage of inactivating specific genes via gene tar- 
geting compared with random mutagenic methods such 
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Results 

The Hprt gene encompasses over 33 kb of DNA and con- 
tains 9 exons that encode 1307 nucleotides of mRNA (Mel- 
ton et al.. 1984). In Figure 1 we illustrate our strategies for 
Inactivating the Hprt gene. The eighth exon in a cloned 
fragment of Hprt is disrupted by inserting the neo'^ gene. 
Following introduction of this DNA into ES cells, homolo- 
gous recombination transfers this disruption into the en- 
dogenous Hprf gene, rendering the cells neo'-Hprt' and 
therefore resistant to the drug G418 and the base analog 
6-TG. 

Using gene targeting in yeast as a paradigm (Hinnen et 
al., 1978; Orr-Weaver et a!.. 1981), we constructed two 
classes of vectors that we believed would disrupt the Hprt 
gene either by replacing endogenous sequences or by In- 
serting into the endogenous sequences. We termed these 
recombinant neo^-Hprt vectors replacement vectors (RV) 
and insertion.vectors (IV). The mechanism of inactivating 
the endogenous Hprt gene by these two vectors Is 
depicted in Figures 1A and IB. It was of interest to deter- 
mine whether one or the other class of vectors was more 
efficient at targeting. Furthermore, since the end results 
using these two classes of vectors were predicted to be 
different (note the partial duplication of the gene in Figure 
IB), each could be used to generate different mutant al- 
leles. 
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Figure 1. Disruption of the Hprt gene by Gene Targeting 
Two schemes for gene disruptbn, one by sequence replacement vec- 
tors and one by sequence insertion vectors, are depicted. Vectors of 
both classes contain Hprt sequences interrupted in the eighth exon 
with the neo'^ gene. 

(A) Sequence replacement. Sequence replacement vectors are de- 
signed such that upon linearization, the vector Hprr sequences remain 
colinear with the endogenous sequences. Following homologous pair- 
ing between vector and genomic sequences, a recombination event 
replaces the genomic sequences with the vector sequences contain- 
ing the neo^ gene. 

(B) Sequence insertion. Sequence insertion vectors are designed 
such that the ends of the linearized vector lie adjacent to one another 
on the Hprt map. Pairing of these vectors with their genomic homolog, 
followed by recombination at the double strand break, results In the en- 
tire vector being friserted into the endogenous gene. This produces a 
duplication of a portion of the Hprt gene. Open boxes indicate Introns; 
closed boxes indicate exons, numbered according to the map of Mel- 
ton et al. (1984); the crosshalched box indicates the neo' gene. 

as chemical mutagenesis or retroviral DNA insertion is 
twofold. First, the nature of the mutant allele is at the dis- 
cretion of the experimenter, and second, unlike random 
mutagenic events, the frequency of the targeting events is 
sufficiently high to make the procedure applicable to non- 
selectable genes. 



Reengineering the neo' Gene 

In the schemes outlined in Figure 1 for site-specific muta- 
genesis of the Hprt gene, the neo'^ gene is used both to 
disrupt the coding sequence of the target gene and as a 
tag to monitor the integration of the newly introduced DNA 
into the recipient genome. Effective use of the neo'^ gene 
as a tag requires expression of the gene in the Hprt locus. 
In general, if the neo' gene is to be used in a similar fash- 
ion to inactivate other genes, it must be expressed in as 
many chromosomal sites as possible. 

In one of our mutagenesis schemes (Figure 1A). we re- 
quire the newly added rjeo'^^ontaining sequences to con- 
vert the endogenous gene. We suspect that the frequency 
of gene conversion at the target locus may be inversely 
proportional to the length of nonhomology in the convert- 
ing sequence. This certainly appears to be the case for in- 
trachromosomal gene conversion (Letsou and Liskay. 
1987). 

Keeping the above points in mind, we have redesigned 
the neo'^ gene to optimize expression in ES cells while 
maintaining its size at a minimum. In Figure 2 we illustrate 
the neo^ gene we have modified for this purpose. It is 
designated pMClNeo. The neomycin protein coding se- 
quence (d) is from the bacterial transposon Tna The pro- 
moter (b) that drives the neC gene is derived from the 
herpes simplex virus thymidine kinase gene (HSV-ffr). 
This promoter appears to be effective in embryonal carci- 
noma (EC) cells (Nicolas and Berg, 1983; Rubenstein et 
al., 1984; Stewart et al., 1985). To increase the efficiency 
of the tk promoter, we introduced a duplication of a syn- 
thetic 65 bp fragment (a) derived from the PyF441 poly- 
oma virus enhancer. This fragment encompasses the 
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Figure 2. The n&<f Gene from pMCINeo 

The structural gene and Its control elements are contained on a 1 kb 
cassette flanked by an Xhol site (X) and a Sail site (S) in a pUC de- 
rivative plasmid. (a) A tandem repeat of the enhancer region from 
the polyoma mutant PYF441 consisting of bases 5210-5274 (Fuii- 
rnura et al., 1981). (b) The promoter of HSV-tfr, from bases 92-218 

JJJ^^rllU!??^- ^""^ ^ '^^^^'^ translation initiation sequence. 
GCCAATAreGGATCGQCC. (d) The neo' structural gene from TnS. in 
eluding bases 1555-2347 (Beck et a!., 1982). 



DNA sequence change that allows the polyoma mutant to 
productively infect EC cells (Linney and Donerfy. 1983). Fi- 
nally, because the native neo'' gene translation initiation 
signal is particularly unfavorable for mammalian transla- 
tion. a synthetic sequence (c) was substituted using Ko- 
zak-s rules as a guide (Kozak. 1986). A series of transfec- 
tion experiments (data not shown) demonstrated that 
pMClNeo. inserted into the eighth exon of Hprt, could uti- 
lize the Hprt poly(A) addition signal. This obviated the 
need to include a poly(A) addition signal in the con- 
struction. 

Each of the above modifications was found to contribute 
additively to the transfection efficiency. The contribution 
of each change was assessed by introducing the different 
neo' constructs into mouse fibroblasts (L cells) and mouse 
ES cells either by microinjection (Capecchi. 1980) or by 
electroporation and assaying for the yield of G418^ colo- 
nies (data not shown). 

In Figures we illustrate parallel experiments comparing 
the transfection efficiency of three neo'' vectors. pRSVNeo 
pSV2Neo, and pMCINeo, in ES cells. The DNA was intro^ 
duced by electroporation. pRSVNeo contains the neor 
gene driven by the long terminal repeat from the avian 
Rous sarcoma virus (Hudziak et al., 1982). This promoter, 
with Its accompanying enhancer, functions very efficiently 
in mouse fibroblasts (Luciw et al., 1983) but is seen here 
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Table 1. Efficiency of Transfection 



Vector 



Exp. 



0 

pRSVNeo 
pSV2Neo 
pMCINeo 



1 
2 
1 
2 
1 
2 
1 
2 



No. of Cells Survtving 
Electroporatton 



9.0 
9.4 
8.5 
6.3 
8.7 
9.3 
6.0 
7.2 



10^ 
107 
10' 
10^ 
10' 
10' 
10' 
10' 



No. of G418' 
Colonies 



0 
0 

1.2 X 10* 

X 
X 
X 

7.5 X 10* 
6.8 X 10* 



2.0 
2.1 
4.2 



102 
103 

103 



Frequency of 
G418' Colonies 



0 
0 

1.4 
3.2 
2.4 
4.5 



X 10-« 
X 10^ 
X 10-5 

X 10-5 

1.25 X 10-3 
0.94 X 10-3 



ES cells were transfecled by electroporalion with 25 ng/ml of either linearized pRSVNeo. pSV2Neo. or pfVICI Neo. The conditions for etectropora- 
tion, cell culture, and selection for G418' colonies are described in Experimental Procedures. 



In all vectors, the 1 kb neo' cassette from pMCINeo has 
been inserted into the eighth exon of the Hprt gene. To 
minimize the extent of nonhomology between the endoge- 
nous Hprt gene and the newly introduced DNA, se- 
quences required for growth of the recombinant vector in 
bacteria were removed prior to introduction into ES cells. 
In the process of removing these sequences, the recom- 
binant vector is converted to linear DNA that, compared 
with supercoHed DNA, is a better substrate for gene tar- 
geting (Thomas et al.. 1986). As discussed previously, 
these vectors fall into two classes, sequence replacement 
vectors and sequence insertion vectors, based on the 
predicted mode of targeting (see Rgure 1). 

Sequence replacement vectors were designed such 
that upon linearization, the vector Hprt sequences would 
remain colinear with the endogenous Hprt sequences. In 
other words, the 6' and 3' ends of the vector would cor- 
respond to the 5' and 3' extents of sequence homology 
with the endogenous gene (see Figure 1A). Three differ- 
ent sequence replacement vectors were used in this 
study All of them contain a common 3' endpoint. 2.8 kb 
downstream from the site of the neo' gene insertion, but 
differ in the length of Hprt sequences 5' from the insertion . 
The total length oi Hprt homology in vectors pRV4.0; 
pRV5.4, and pRV9.1, is 4.0, 5.4. and 9.1 kb. respectively. 

The alternate class of vectors, the sequence insertion 
vectors, were designed such that the separation of the 
Hprt vector from the pUC9 plasmids concomitantly cre- 
ates a double strand break within the Hprt sequences. 
The 5' and 3' ends of these vectors thus lie adjacent to 
one another along the Hprt map (see Figure IB). Two se- 
quence insertion vectors were used in these experiments. 
plV3.7 and plV9.a The endpoints of both linearized vec- 
tors arise from the BstEII site 1.1 kb upstream from the site 
of the neo insertion in exon 8. Both vectors contain the 
same 1.2 kb of Hprt sequences 3' from the neo insertion, 
but differ in the length of homology at the 5' side of the 
neo insertion. 

Targeting with Sequence Replacement Vectors 
DNAs from the three sequence replacement vectors were 
linearized to create the substrates shown in Figure 4 and 
introduced into ES cells by electroporation. Aliquots of 
these cells were subjected to one of three growth condi- 
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Figure 4. Targeting Vectors 

The vectors were constructed as descrit)ed in Experimental Proce- 
dures. The closed laoxes represent Hprt exons. numbered according 
to the map of Melton el al. (1984). Open boxes represent introns and 
3'-noncoding sequences. The crosshalched l>ox represents the neo' 
gene from pMCINeo inserted onto the eighth exon of Hprt. The ends 
of each sequence on the diagram correspond to the site of insertion 
of each sequence Into a pUCS-derivatized plasmid. Digestion of the 
plasmids with the appropriate restriction endonuclease released the 
Hprt sequences from the plasmid, creating the targeting vectors 
depicted above. The length of the Hprt sequences In each vector Is as 
follows: pRV4A 4 kb; pRV5.4, 5.4 kb; pRV9.1. 9.1 kb; piva?. 3.7 kb; 
pIV93, 93 kb. All vectors contain the poty(A) addition sequences from 
the Hprt gene. RV. replacement vector; IV. Insertion vector; Bg. BglH; 
Bs, BslEll; E. EcoRI; the dotted line in each pIV designates the point 
of discontinuity of the Hprt gene due to the Joining of the 5' and 3' ends 
during vector construction. Bg*. the internal Bglll site In pRV9.1, was 
eliminated by cleavage with Bglll and filling in with Klenow fragment 
and dNTPs. This permits the excision of the replacement vector using 
the terminal Bglll sites. 



tions: nonselective media, to assess the total number of 
cells surviving electroporation: G418 media, to assay the 
fraction of survivors transformed by the neo^-contalning 
vectors; and G418. 6-TG media, to select for cells simul- 
taneously containing the neC gene but lacking a func- 
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Table 2, Gene Targeting Using Sequence Replacement Vectors 


Vector Exp. 


No. of Cells Surviving 
Electroporatbn 


No. of G418' 
Colonies 


M G418' + e-TG' 
No. of G418' + 

6-TG^ Colonies G418' 


PRV4.0 ^ 

PRV5.4 1 
pRV9.1 1 


5,3 X 10' 
4.3 X 10' 
11.0 X 10' 
7.8 X 10' 


8.1 X 10* 
4.3 X 10* 
6.9 X 10* 
3.0 X 10* 


2 1/40,000 
2 1/21,500 
10 1/6,900 
32 1/950 


ES cells were transf acted with 25 jig/ml of linearized pRV4.0, pRV5,4. or pRV9.l. The corKlitions for electroporatlon. cell culture, selection for 
G418' cell lines, and selection for G418', 6-TG' cell lines are described in Experimental Procedures. 



tional Hprtgene, As discussed below, In cells showing the 
G418f, e-TG^ phenotype. the endogenous Hprt gene was 
inactivated by the targeted replacement of the endoge- 
nous sequence with the neo^-recombinant sequence. 

In Table 2. we summarize the ability of the three differ- 
ent sequence replacement vectors to confer 6418*^ and 
G418^ e-TC^ upon ES cells. Although the three vectors 
transform ES cells to 0418^ at a similar frequency 
(~1A1000), there is a marked difference in their ability to 
generate G418^ colonies. Of the 0418^ cells trans- 
formed with the smallest vector, pRV4.0, only 1/40,000 to 
1/20,000 showed resistance to 6-TG. However, in those 
cells transfonned to G418^ by the largest vector, pRV9.1, 
1/950 also showed the e-TG^ phenotype. Transformation 
by the intermediate-sized vector, pRV5.4, gave an inter- 
mediate frequency of 6-TG resistance, with 1/7,000 G4W 
colonies showing the 6-7G^ phenotype. 

To show that the G418^ 6-TG^ phenotypes were the re- 
sult of gene-targeting events, the Hprt genes from 23 in- 
dependently isolated G418^ B-TC^ cell lines were charac- 
terized by Southern transfer analysis. In every instance 
(23/23) the cells were shown to contain a single copy of 
the Hprt gene harboring the neo' gene in exon 8. This re- 
sult was seen in cells iransfprmed with either pRV4.0. 
pRV5.4, or pRV9.1. Also, as expected, Hprf enzymatic ac- 
tivity could not be detected In these cell lines. As judged 
by their ability to incorporate PHJhypoxanthine into their 
nucleic acid, these cells contained 10^- to lOMold less 
activity than the parental ES cell line (data not shown). 

An example of the Southern transfer analysis is shown 
in Figure 5A, in which the G418^ cell line EP17-2M 
is compared with the parental ES cell line. DNA from each 
line was digested with the enzymes, Bgill, EcoRI, or Bglll 
plus EcoRI, electrophoresed in agarose, and transferred 
to nitrocellulose paper. The paper was then hybridized 
with radiolabeled ONA containing 1 kb of Hprt sequence 
(Figure 5A. probe A). 

As predicted from the restriction map of the cloned Hprt 
gene (see Figure 5A). digestion of the ES DNA with Bglll, 
EcoRI, or Bglll plus EcoRI isolates sequences homolo- 
gous to the Hprt probe on fragments of lengths 6.4 kb, 9.3 
kb, or a? kb, respectively. The digestion pattern of the 
DNA from the G418^ 6-lG^ cell line is quite different, 
showing fragments of 6^4 kb, as kb, and 2.7 kb. As illus- 
trated in Rgure 5C, this pattern would exist if the endoge- 
nous Hprt gene had been replaced by vector sequences 
containing the r7eo'^ gene insertion. Because the neo'' 
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Ffgura S Southern Transfer Demonstration of Sequence Replacement 
DNA was purified from each cell line and digested with restriction en- 
donudeasa DNA (7 pg) was loaded onto an agarose gel, electropho- 
resed, transferred to nitrocellulose, and hybridized to ^-labeled 
DNA probes. ES refers to DNA from the parental, wild-type ES cell line. 
17-2M refers to DNA from a G418^ G-TQ'^ cell line transformed with the 
replacement vector, pRV4i). (A) Probe A was a 1 kb fragment of mouse 
Hprt DNA extending from the BstEII site in intron 6 to the Seal site in 
exon a (B) Probe B was the 1200 bp Ddel fragment of the neo' struc- 
tural gene from the plasmid, pRHl40 (Thomas and Capecchi. 1986). 
The lengths of the fragments are given in kb and were determined by 
the coelectrophoresis of X and plasmid fragments of known lengths. 
(C) A schematic representation of the Southern transfer data. The top 
map represents the 3' end of the Hprt gene from ES cells; the bottom 
represents the Hprt gene from the 17-2M cell line. Open boxes repre- 
sent introns. closed boxes represent exons, and the crosshatched box 
represents the neo^ gene. Beneath each gene is shown the restrictton 
fragments hybridizing to the probes. Bg, Bglll; E, EcoR). 

gene insert has no Bglll site, the size of the Bglll fragment 
is increased by the size of the insert (1 kb). However, be- 
cause the neo^ gene does contain an EcoRI site, its pres- 
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Table 3. Gene Targeting Using Sequence Insertion Vectors 


Vector Exp. 


No. of Cells Surviving 
Electroporation 


No. of G418' 
Colonies 


... ,^..or G418' + 6-TG' 
No. of G41B' + 

6-TG^ Colonies 0418^ 


plV3.7 1 
PIV9.3 ^ 


8.1 X 10^ 
0.74 X 10^ 
4.1 X 10^ 


5.7 X 10* 
0.42 X 10* 
2,25 X 10* 


3 1/19,000 
. 3 1/1,400 
21 1/1.100 


ES cells were transfected by electroporation with 25 ^g/ml of linearized ptV3.7 or piVg.3. The conditions for electroporation, celt culture, selection 
for G418' celts, and selection for 041 6^ 6-TG' cells are described in Experimental Procedures. 



ence introduces a new EooRI site into the Hprt gene, 
resulting in the production of a smaller EcoRI fraginent. 

The interpretation Is further verified when the same 
DNAs are hybridized to sequences from the neo'^ gene 
(Figures 5B and 5C, probe B). As expected, the parental 
cell line contains no neo^ homology. The G418^ 
derivative does show neo^ homology at a site within the 
Hprt locus. Digestion of the DNA with Bglll isolates the 
neo'' gene on the same 6.4 kb fragment homologous to 
the Hprt probe. Because the neo^ gene contains an 
EcoRI site at its 5' end, digestion with this enzyme 
separates the neo'' gene from sequences homologous to 
the Hprt probe and thus creates a 2 kb fragment with 
neo' homology. 

It should be noted that the G418', 6-TG' cell line EP17- 
2M was isolated following transformation with pRV4.0. Al- 
though this vector lacks both the EcoRI and the Bglll sites 
5' to the neo'^ insertion site (see Figure 4), the cell line 
EP17-2M clearly has both sites at the predicted distance 
from the neo'^ gene. Such a positioning of two restriction 
sites is best explained by a targeted recombination event. 

Gene Targeting with Sequence Insertion Vectors 

The two sequence insertion vectors were linearized and 
introduced into ES celts by ejectroporation. These cells 
were then scored for total survivors, G418^ survivors, and 
G418^ 6-TG^ survivors. The results of these experiments 
are summarized in Table 3. The two vectors were equally 
competent in the ability to confer G418^ resistance upon 
ES cells, but differed markedly in their ability to generate 
G418^ 6-TG^ colonies. Whereas the smaller vector, piva?, 
generates 6TC' cells at a frequency of 1/20,000 G418'' 
cells, the larger, plV9.3, induces 6TC' resistance at a fre- 
quency of 1/1,100 to 1/1,400 G418^ cells. In all cases, the 
G418', cells contained targeted mutations of their 
Hprt loci. 

To show that gene targeting was responsible for gener- 
ating the G418^ &7G^ phenotype, we analyzed by South- 
em transfer analysis 12 cell lines transformed by plV9.a 
Unlike the case of the sequence replacement vectors in 
which all Hprt mutations were caused by the Same type 
of event, inactivation of the Hprt gene by sequence inser- 
tion vectors occun-ed by two mechanisms. The majority of 
targeting events caused by plV93 (9/12) were due to the 
insertion of the entire vector into the endogenous Hprt lo- 
cus. The remaining targeting events were sequence re- 
placements, resembling those events induced by the se- 
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Figure 6. Southern Transfer Demonstration of Sequence Insertion 
Analysis was as described In Figure 5. ES is the parental cell line. 18-1F 
is a Q418'. cell tine transformed with the insertion vector ptV93. 
(A) Hybridization with probe A containing 1 kb of /yprt sequences from 
the BstEII site In intron 6 to the Seal site in exon & (B) Hybridization 
with probe B, the neo' gene. (C) A schematic representation of the 
data. The top map represents Hprt sequences from the ES cell line. 
The bottom map represents sequences from the celt line 18-1F. The ob- 
served restriction fragments and their lengths are shown beneath each 
map. Bg, Bglfl; E. EcoRI. 



quence replacement vectors. Examples of each event are 
shown in Rgures 6 and 7. 

In Figure 6 we show the Southern transfer pattern of cell 
line EP18-IF, a G418^ G-TG^ cell line transformed with 
plV9.a DNA from this cell line and DNA from the parental 
ES line were digested with Bglll, EcoRI, or Bglll plus 
EcoRI and probed with labeled Hprt sequences (Figure 
6A, probe A). DNA from the parental cell line shows the 
5.4, 9.3, and 3.7 kb fragments diagnostic of the wild-type 
Hprt gene. DNA from the G418^ cell line contains 
these same fragments, but also contains fragment of 6l4, 
B3, and 2.7 kb. These later fragments are characteristic of 
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Rgure7. Southern Transfer Demonstration of Sequence Replace- 
ment Induced by a Sequence Insertion Vector 
Analysis was as described In Figure 5. ES is the parental cell line; 18- 
2N is a G418', 6-TG' cell line transformed with the insertion vector 
plV9a The probe was the 1 kb Hprt fragment from the BslEII site in 
intron 6 to the Seal site in exon 8 (probe A, Figure 5C). Bg, Bglll; E. 
EcoRI. Note that the hybridization pattern is identical to that of cell line 
17-2M (Figure 5A). 



the Hprt gene containing the neo' gene in exon 8. One 
likely mechanism that would result in both fragments be- 
ing recovered from the same cell is shown in Figure 6C. 
If the entire vector, piV9.3 is inserted into the Hprt locus 
via homologous recombination, It will cause a 9.3 kb dupli- 
cation of the Hprt sequences. The most 5' duplicated re- 
gion will contain the neo'' gene, whereas the most 3' 
duplicated region will contain wild-type sequences. Re- 
striction enzyme digestions of this DNA will thus produce 
the hybrid configuration seen. This interpretation Is fur- 
ther confirmed when the DNA frbm such a cell line Is also 
probed with neo*- sequences. As shown in Figure 6B, only 
1 copy of the duplicated region contains neo'^ homology. 

In 3/12 cell lines examined by Southern transfer analy- 
sis, this insertion pattern was not seen. Instead, the 
endogenous Hprt sequences appeared to have been 
replaced by the vector sequences containing the neo^ in- 
sert. An example of one such cell line, EP18-2N. trans- 
formed by p!V9.3, is shown in Figure 7 DNA from this cell 
line and DNA from the parental ES line were digested with 
Bglll, EcoRI, or Bglll plus EcoRI and probed with Hp/t se- 
quences (Figure 7). The restriction pattern generated from 
this DNA is indistinguishable from that generated by 
digestion of DNA from cell line EP17-2M (see Figure 5A), 
a cell line transformed by a sequence replacement vector. 
Thus, sequence insertion vectors are also substrates for 
the sequence replacement reaction. 

In examining the DNA products of the sequence re- 
placement reactions, a low level of Hprt sequences lack- 
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Figure a Southern Transfer Analysis of DNAs Digested with Hindlll 
DNAs were digested with Hindlll and analyzed as described in Figure 
5. ES is the parental cell line; 18-1F is a G41ff. cell fine trans- 
formed by sequence Insertion; 17-2M is a G418^ 6^X3^ cell line trans- 
formed by sequence replacement. (A) Cellular DNA was probed with 
Hprt probe A. (B) A diagram of the 3' region of the Hprt genes from the 
three cell lines analyzed. Bg. Bglll; E, EcoRI; H. Hindlll, 



ing the neC sequences is detected (see Figure 5A: Fig- 
ure 7). These endogenous-length Hprt sequences come 
from the feeder cells upon which the ES cells are grown. 
The feeder cells are nonproliferating due to pretreatment 
with mitomycin C and represent a minor component of the 
total number of cells on the plate. However, the presence 
of such contaminating Hprt sequences presents a prob- 
lem in our analysis of the sequence insertion events. In 
these latter events, the neo^-containing vector sequences 
lie adjacent to the endogenous sequences, and hybridiza- 
tion analysis revealed the presence of these two Hprt se- 
quences in equal proportions (Figure 6A). We felt com- 
pelled to demonstrate that the endogenous-length Hprt 
copy delected in this Southern transfer was in fact adja- 
cent to the Inserted copy and not the result of feeder cell 
contamination. 

To do this, DNA was digested with the restriction en- 
donuclease Hindlll and probed with Hprf sequence. Such 
a digestion permits a distinction to be made between a 
single copy endogenous sequence and a sequence adja- 
cent to the inserted vector. As shown in Figure 8, the en- 
dogenous Hprt sequences, represented by the parental 
ES cell line, are contained on an 11.4 kb fragment. Se- 
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quences containing a single copy of the Hprt gene dis- 
rupted by the neo^ gene, from cell line EP17-2M, are iso- 
lated on a 12.4 kb band. Digestion of DNA from the cell 
line EP18-1F. transformed by a sequence insertion vector, 
gives two Hprt fragments of equal intensity, one of 12.4 kb 
and one of 93 kb. This digestion pattern is quite consistent 
with a sequence insertion event. 

Discussion 

We have analyzed 38 independent G418^ 6TC' ES cell 
lines. Each of these cell lines was shown to have arisen 
from inactivation of the endogenous Hprt gone by homolo- 
gous recombination with the introduced neo^-Hprt frag- 
ment. Spontaneous formation of G418^ cells was 
not detected (i.e., occurs at less than 1/10^ cells per 
generation). 

None of the G418^ cell lines contained extrane- 
ous copies of the neo^-Hprt recombinant vector in- 
tegrated randomly within the ES genome. This greatly 
simplified the analysis of the targeting events in these cell 
lines and permitted an unambiguous interpretation of the 
results. The absence of extraneous copies of the input 
vector in the targeted cells should also simplify interpreta- 
tion of additional studies that will entail establishing a 
correlation between the inactivation of specific genes with 
the resultant phenotypes. 

Under our optimal conditions, we have observed a 
gene-targeting frequency, relative to the frequency of ran- 
dom integration of the input vector, of 1/1000. The param- 
eters that we believe influenced the success of these ex- 
periments include using a neo^ gene that is efficiently 
expressed in ES cells, maintaining the size of the neo^ 
gene at a minimum, using extensive homology between 
the homing sequence and the target sequence, and re- 
moving; prior to transfectlon, unnecessary and nonhomol- 
ogous sequences from the input vector. 

This gene-targeting frequency is sufficiently high to be 
used for inactivating nonselectable genes. Direct screen- 
ing, by Southern transfer analysis, for a gene-targeting 
event among 1000 candidate cell lines would not be exor- 
bitant. Furthermore, gene-targeting enrichment proce- 
dures could be added to the protocol for using the noo^ 
gene as a transfection tag. For example, a neo'^ gene 
lacking an enhancer or a poly(A) addition signal could be 
positioned within the homing sequence in such a way that 
homologous recombination with the target gene would 
juxtapose the defective neo'' gene with the sequences re- 
quired for effective expression. Random integration of the 
same vector into the recipient genome would not normally 
bring the required sequence sufficiently near the neo' 
gene to yield G416^ colonies. Pilot experiments testing 
such procedures indicate that enrichment of several hun- 
dred fold for gene targeting compared with random in- 
tegration should be attainable (unpublished results). 

The gene-targeting frequency was observed to be very 
sensitive to the extent of homology between the exoge- 
nous and cognate endogenous sequence. A 2-fold In- 
crease in homology increased the gene-targeting fre* 
quency by 20-fold. Further increases in the extent of 



homology may increase the gene-targeting frequency 
even more. 

We have compared two classes of neo^-Hprt recom- 
binant vectors, one that replaces endogenous sequences 
with exogenous sequences and another that inserts exog- 
enous sequences into the endogenous sequence. Both 
classes exhibit comparable gene-targeting frequencies 
and are equally sensitive to the extent of homology with 
the endogenous target. We have termed the former se- 
quence replacement vectors and the latter sequence in- 
sertion vectors. In 23/23 G418^ cell lines obtained 
by introducing the replacement vector, the endogenous 
Hprt gene was inactivated by sequence replacement. Of 
the 12 G418^ e-TG^ cell lines obtained with the insertion 
vector pl\/9.3, 9 resulted from sequence insertion. In the 
remaining 3 the Hprt gene was inactivated by sequence 
replacement. The latter may result from a crossover oc- 
curring at points within the vector sequences rather than 
at both termini (Szostak et al.. 1983). Though insertion 
vectors mediate mutagenesis via two pathways, they tar- 
get predominantly by inserting into the endogenous gene. 

The insertion vectors are technically more difficult to 
build- On the other hand, they may provide the means for 
generating a wider spectrum of mutant alleles. For exam- 
ple, by placing the neo*^ gene in the 3'-untranslated se- 
quence, it can still be used as a transfection tag. In such 
a vector, the neo'^ gene could be linked to a wide spec- 
trum of mutations, including point mutations, small inser- 
tions, or small deletions, in upstream exons. In the pro- 
cess of Insertion of the neo' vector, these mutations 
would be concomitantly transferred into the endogenous 
gene. 

When we initiated these experiments we had two con- 
cerns about using the Hprt gene as our target: it is ex- 
pressed at a low level in ES cells, and it contains many 
repetitive DNA sequences. As in most cells, HPRT protein 
represents approximately 1/5,000 of the soluble protein 
(Hughes et a!., 1975). Furthermore, repetitive DNA se- 
quences are dispersed throughout both the neo^-Hprt 
recombinant vector and the Hprt gene. In fact, it is not a 
simple task to identify a suitable probe from the Hprt locus 
for Southern transfer analysis. The success obtained in 
targeting to the Hprt gene despite these handicaps may 
indicate that in the future we need not be so concerned 
with these parameters negatively influencing the gene- 
targeting frequency. 

Conclusion 

We have demonstrated that we can Inactivate by gene tar- 
geting a specific locus in the mouse genoma The protocol 
we have developed to inactivate the endogenous Hprt 
gene should be adaptable to other genes as well. We have 
also shown that ES cells are a suitable host for gene- 
targeting experiments. It is hoped that this combination of 
using ES cells as the recipient cell line and site-specific 
mutagenesis achieved by gene targeting will provide the 
means for generating mice of any desired genotype. An 
advantage of this scenario is that the first generation chi- 
mera will usually be heterozygous for the targeted muta- 
tion and that sutisequent breeding can be used to gener- 
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ate the homozygous animal. Thus, only one of the two loci 
need be inactivated, and recessive lethals can be main- 
tained as heterorygotes. If successful, this technology will 
be. used in the future to dissect the developmental path- 
way of the mouse as well as to generate mouse models 
for human genetic diseases 

Experimental Procedures 

Viector Construction 

Hprt sequences were Isorated f ronrj a K Charon 4A, library containing 
a partial EcoRI-digest of DNA from a mouse ARK cell line {the library 
was provided by Doug Foster. Ohio Slate University). The library was 
screened with a human cDNA Hprt probe (courtesy of C. Thomas 
Caskey). A recombinant phage containing the 9-3 EcoRI fragment en- 
coding Hprt axons 6-9, as well as the 2.2 and 1i) kb fragments 3* of 
the Wprr gene, was isolated. The 93 kb and 2.2 kb fragments were sub- 
cloned into pUC9 and converted by standard cloning methods into the 
targeting vectore. To introduce the rteo'^ gene Into Hprt axon ft an 
6 bp Xhot linker (New England Biolabs) was ligated into the Seal site 
in exon a 

The /?eo' vector pMCINeo was created by the sequential ligation of 
its four functional domains (see Rgure 2) Into pUC9. The polyoma en- 
hancer sequences were chemically synthesized on an Applied Bio- 
systems model 380B DNA synthesizer and were flanked with Xhol (5' 
end) and Sail (3' end) reslrictton sites. To create the enhancer dimer 
used in pMCINeo. the monomer units were ligated In vitro and the 
dimer was purified from a polyacrylamide gel. The HSV-* promoter se- 
quence from bases 92 to 121 was chemically synthesized and ligated 
in vHro to bases 122-2ia isolated as an EcoRI-PstI fragment from the 
HSV-* gene. The tranalational start sequence was synthesized chemi- 
cally. The neo^gene was derived from the Iransposon ThS. The struc- 
ture of pMCI Neo was confirmed by DNA sequence analysis. plWCI Neo 
was designed such that the neo^ gene and att its control elements 
could be removed as a 1 kb unit following digestion by Xhol and Sail 
and thus inserted into the Xhol site In the Hprt gene of the various tar- 
geting vectors. 

Southern transfer analysis was performed as described previously 
(Thomas et al., 1966). 

Isolation and Culturtng of ES Cells 

ES cells were Isolated f roni C57B1/6 blastocysts as described by Evans 
and Kaufman (1981) except that primary embryonic fibroblasts 
(Doetschman et al., 1985) were used as- feeders rather than STO cells. 
Briefly, 2B days postpregnancy mice wore ovariectomized. and de- 
layed blastocysts were recovered 4-6 days later. The blastocysts were 
cultured on mitomycin C-tnactivated primary embryonic fibroblasts. 
After blastocyst attachment and the outgrowth of the trophectoderm, 
the ICM-derfved clump was picked and dispersed by trypsin into 
clumps of 3-4 calls and put onto new feeders. All culturing was carried 
out in DH^EM plus 20% FCS and 10"* M P-mercaptoethanol. The cul- 
tures were examined daily. After 6-7 days in culture, colonies that stIH 
resembled ES cells were picked, dispersed Into single cells, and 
replaled on feeders. Those cell lines that retained the morphotogy and 
growth characteristic of ES cells were tested for pluripotency in vitro. 
These cell lines were mairitatned on feedere and transferred every 2-3 
days. For comparative purposes we have also used ES cell lines kindly 
provided by Martin Evans and Gail Martin. Cell tines from alt three 
sources yielded targeted G418^ S-TB^ colonies at comparable fre- 
quencies. The 0418^, 8-TQ' cell lines are morphologically indistin- 
guishable from the parental ES cells and retained their pluripotency In 
vitro {i.e., differentiate when grown on petrl plates in the absence of a 
feeder layer and form embroid bodies when grown in suspension). 

Electroporatlon and Isolatton of Q418' and G418', 6-TG^ Cell Unea 

DNA was introduced Into the ES celts by electroporatlon using the 
Promega Biotech X Cell 200a Rapidly growing celts were trypsinized, 
washed in DMEM, counted, and resuspended in buffer containing 20 
mM HEPES (pH 7.0). 037 mM NaO, 5 mM KCJ. a7 mM NaaHPO*. 6 
mM dextrose, and 0.1 mM Mercaptoethanol. Just prior to electropora- 
tion. the linearized recombinant vector was added. The cells were then 
exposed to a single, 625 V/cm pulse at room temperature, allowed to 



remain in the buffer for 10 min, and plated onto feeder cells. For every 
experiment, aliquots of cells were removed before and after electropo- 
ratlon to measure colony-fomiing units; 40%-60% of the cells survived 
electroporatlon. 

In a typical experiment 10^ cells per vial were transfected by etec- 
troporation with 25 jig/ml of linearized vector. Aliquots of celts were 
then subjected to one of three growth condittons: nonselective media, 
to evaluate the number of cells surviving electroporatlon; G418 media, 
to determine the fraction of sun/tvors transformed by the neo'' vector; 
and G418, 6-TO media, to select cells that had simultaneously acquired 
a neo" gene and lost a functtonal Hprt gene. For these experiments 
the ES celts were grown on mitomycin C-inactlvated STO cells (ob- 
tained from Alan Bradley). To ensure inacilvation. the STO cells were 
treated with 10 (xg/ml mitomycin C for 4 hr. Survival was less than 

ES cells that were to be grown on nonselective medium were diluted 
4 X l0*-fbldand8 x 10*-fold prior to plating onto 100 mm dishes con- 
taining the feeder cells. Cells that were to be subjected to growth on 
G418 medium or G41B. 6TC medium were diluted 200.fbkl and 26-fold, 
respectively, before plating onto feeders. To allow for expression of the 
neo' gene, the cells were first plated In nonselective medium and, 48 
hr later, were transferred to G4ia^ntaining medium (250 pg/ml). To 
allow for the decay of the endogenous HPRT activity, the cells that 
would eventually be subjected to 041^ 6-TC selection were first plated 
in nonselective medium. Two days later they were transferred to G418 
medium, and 5 days after electroporation they were transferred to 
Q418. 6-T3 (1 jig/ml) medium. 

Al each transfer, the cells were Uypsinized and placed on a new 
feeder plate in their respective medium. It is necessary to disperee the 
cells prior to subjecting them to selection because ES cells grow in 
tight clumps and cross-feed extensively. During this period of selec- 
tion, the cells are dividing and it Is necessary, for quantitative analysis, 
to keep track of the number of cell divisions, fiorthis purpose, aliquots 
of cells from the sanrte experiment were grown In nonseteclivB me- 
dium, subjected to the same transfer protocol, and used to measure 
cell proliferation during this period. An outcome of the above protocol 
Is that if a single targeting event occurs during the time of electropora- 
twn. one of the G418, 6TC plates wilt yield a burst of 32-64 G418', 
e=fQ' colonies; the rest of the plates will contain no coksnies. This is 
scored as a single event. Each of the G4ir, STC' cell lines that we 
obtained came from such indi\ridua] bursts, indicating that the target- 
ing events occurred at the time of electroporation. The above scoring 
procedure underestimates the gene^argeting frequency since a buret 
of G418', 6TO' colonies on a given plate may have arisen from more 
than one event. For example, if the Poisson function was used to cor- 
rect the pRVai data shown in Table 2 for tt^e expected number of plates 
that resulted from two events, then the gen»^argetlng frequency would 
be 1/800 G418' colonies rather than 1/950 0418^ colonies. 
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immune function, it is possible that IJ-OH exerts an 
immunomodulatory role by regulating glucocorticoid biosyn- 
thesis. There may also be non-immunological eflfefrts; inbred 
mice display mating preferences depending on H-2 type, and 
can discriminate urine odours from congeheic mice in 
Y-maze experiments*^. //-2-associated differences in 21 -OH 
activity would be expected to influence urinary leycls of meta- 
bolites of both glucocorticoids and androgens, which might be 

. perceived by mice. Such an influence on matipg preferehce irtight 
encourage an advantageous mixing of mouse populatibns. An 

. analysis of the regulation of the two 2 1 -OH genes in different 
inbred mouse strains may help to ansWer these questions. 
We thank Ms Barbara Oniifer and Mr Daniel New for tech- 

; nical aissistaiice. iP.C.W. is a Ciihical Schojar of the Norman 
arid Rosita Winston Foundatiptt, b^D.C^^ recipient of a 

.fellowship from the Jane Coffin Ghilds Memorial Fund for 

.Medical R<jsearch, and J.H.W.. is supported by a fellowship from 
the American Cancer Society. This w6rk was supported by NCI 

■grants CA-22507 and CA-08748 (B.d:) iuid NlH grants HD- 
00072 and RR-47 (M;I;N.); ancj AV18436 and Ari91^ 
Note a^ded in proof : Mapping of human cosmid clones shbws 
that in man, as iri the mouse, there are tw6 2l^O// genes which 
are located immediately. 3' to each of the two C4 genes^^v 
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Feline and ; tiumab mDCOpoIysiacdiaiido^b ■ Vl.. (MPS Vt or 
Maroteaux-LAmy syn^^^^ |jcih|eriied aiitos^ recessive 

deficiendeis of lysosoihal enzyme afylsolpbatiUe^ B^ Affected 
cats and children exhibit lesions caus^ by ilicdmpetent degrada- 
tion, retinal atrophy and excessive urinary, excretion of demiatan 
facial dysmorphia, corneaK stromal opacities, leukocyte granula- 
tion, retinal atrophy and excessive Jirlnary excretion of dermatan 
sulphat^T-and usually die before adulthood^'' \:M6ist attebipts to 



treat humans affected with MPS VI or other mucopolysac- 
charidoses hare been ineffective or.logistically prohibitive'*^', but 
allogeneic bone marrow transplantation (BMT) offers promise for 
cure of certain inborn errors of metabolism^^. Etigraftmeiit of 
normal donor marrow may endow the eDzymendefieient recipient 
with a continuous source of enzyme-cpmpetent blood cells and 
tissue macrophages to facilitate degradation of stored substrate 
and to prevent genesis of further nialfonnations; To test this 
hypothesis, we performed allogeneic BAIt in a 2^yekr-<ild Aidle 
Siariliies^ cat with advanced MPS VI; Here we describe BMT- 
indvced correction of this hcreditiiiyJi^ 

The MPS Vl-affected 2^year^6ld male Siamese cat used in thii 
experimeht was the off5priS| df hpterp-. 
zygotes?. A healthy fernale sibirng with nprmdii levcjsi; 6f ai^i- ' 
sulphatase B activity Was selected as manrow 
found to be: histocompajiblc wWv th^^ 
of otie and two-way inixedvieukb 

criterion available for deteinodnajtib^^ histb'campaiibility 

(ior methods see Fig, i)i T\?tal-bodyi t^^ 

to the affected; recipient cat as a si^ aii^i^te^r 

2.5Gy min^ ^i*^^^-MeV fiJ^^ 

decorttaminiation of Its intesiink 

pplyinyxin B for 7 days. At 24 h ppst-ifradi female sibling : 

dptibr bone marrbW cells, (5 ><.10*= -^^^ 

injected into the jiiguiar yeih pT t^ 

cat (see Fig. i). For 40; days thereafter^ 

a laminar flow sterije i$6l4tor 1^ ^^iij 

wai^prand its teihp^raturc; hydration, 

were monitored dkilyi^ j^ 

given as indicated by a; deficit in hydratidh /status arid rectal 
body temperature gitiater tb^^ :ifesif)^ctivei^ 
leukibcyte iand jplatelet; cpncentr^^ 

cells, leukocyte aiylsulphatase'- B actiy^ giy. 
cosaitninoglycan (GAG) excretion were deteriiiined befoi^ aiid ■ 
after BMT (for methods see Figs.l. 2), GyclospOrin ( 15 mg per 
kg orally) was admitiistered daily from 19 tp 1(M days pojst-B 
to prevent: grajflt-yersus-hosi diseie, kiryotypic analysis 
cultured bone marrow cells was performed 183 days after 

■ BMT/ ; ^ : ■/:/./' ' 

irradiation-induced myelotoxicity was evidenx On day I :and 
extended to day 12 after BMT (Fig.: 1); Beginning 18 days; after - 
BMT, rapid recohstltution by dohor-brigih . granulbeytes,; 
monocytes ^nd thromboi^ies occurred; An early indication of 
donor-origin engraflnient Wits a marked decrease in; Reilly 
body-bearing neutrophils^ and appearance of Barr body-beariiiig • 
(female) neutrophils: Lyniphdcyfe^^ regained ■ below ptetrah^ 
plant levels during cyclbsporiti therapy (dayis 19 to 104) but • 
returned to normal levels thereafter stilphate 
excretion decreased 2.5-fold by day I and i4^6-fold by day 232 
after; BMT (Fig. 2). Leukocyte arylsiilphatase B activity 
iricreaised 30-fold by 232 days after BMT; Both urihary de ; 
sulphate excretion and leukocyte arylsulphatase B activity have > 
maintained values within the normal rang^/ Karyotypic analysis 
on day 183 post-BMT revealed a stable chiniacra of 72^5% ■ 
donor-origin (female) and 27.5% recipient-origin (male) celU. 

Ciinical changes iii the MPS VI-afTected cat follow 
atibn of arylsiilphatase 'B activity by BMT have been complete 
resolution ijf cpmeal clouding and continuing re^oliition o^ : 
faQial .dysmorpihia (Fig. 3): Subject!^ after 
B MT include improved ability to walk and increased movement 
of the head, neck and mapdible: (for example, restbied capadty ' 
to masticate dry food), increased suppleness of the haircoat and :V 
inipfoved demeanouF. 

While the logic behind treatiiig heritable disorders of bone 
marrow-derived cells with allogenieic BMT is evident (reviewed 
in .ref* 23), the rationale for treating multisystetnic lysosbmar . 
storage diseases, such as NlPiS Vl, with allogeneic BMT is less ' 
clear: Implicit in the application of BMT therapy for conditions 
in which the biochemical defebt is cxp^es^ed in organs ript^' - 
derived from bone marrow, is the belief that either the adopted ; 
enzyme-replete cells will transfer enzyme to cells of the Several i 
involved brgans^^"^*, or that bone marrow-deriVed cells ar^ ? 
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Fig. I Peripheral blood cell numbers in the 20— i r-SO 
MPS Vl-atfected cat marrow transplanted with 
normal allogeneic feline bone marrow. Total- 
body irradiation-induced myelotoxicity (days 
O-iS) followed by bone marrow transplanta- 
tion-mediated haematological rcconstitution 
(days 18-25) and stabilization (days 25-250). 
Methods: At the times indicated, complete 
blood counts and serum chemistry evaluations 
were performed. Ficbli-metrizoate (i:077g 
cm"*)rs;eparated leuVocytes from each of four 
siblirigs of the MPS Vl-affected cat were 
/assayed; for one and twpTway niixcd leukocyte 
reactivity against similarly separated lym- 
phocytes of the a^ected cat according to a 
modificatibn of Peck and Bach^*. Lymphocytes 
(2 X 10') were mixed in 96rweU plates either 
with 2 X 10^ mitomycin C-tfeated (2 j*g mitomy- 
cin C per 10* lymphocytes, 45 iriin incubation 
ar 37 X0 or with 2 x10*' non-nlitomycin 
ti'eated leukocytes and.incubatcd- in a. 37X, 
hiinitdified, 5% CO2 atmosphere for 7 days. 
Eighteen hours before collection, 0.5 jjuCi of 
r^HTthymidine was added to each well. The cat 
with the lowest stimulation index was selected 
as the niarrbw donor. Marrow, was obtained 
froiti the ketaminc-anacsthetized donor by 
aspiration from both femure and humeri. 7^ 
cells were diluted in Hank- i balanw^ pays 
ution. oentrifuged it l,0p0g for 10 min, the sur- 
face fat layer was renioved, and the buffy coat . 
cells were separated by pipette aspiration and then filtered through six layers of sterile gauze. Viable mbnonuclear cells were enumerated with 
the aid of Trypan blue vital stain and 2 x 10^ mononuclear cells per kg infused into the jugular vein. Following haematological recpnstitulion 
(day 21) cyclosporin (a gift from J. F. Borel, Sandoz) was administered orally. 15 mg per kg daily. Serum trough lisvels of cyclosporin were 
: measured at 1 54 jig l"' (University of Minnesota Hospitals, Outreach Program). Karyotypic analysis was perfonhed as follows: aspirated bone 
marrow mononuclear cells from the affected cat were cultured for 4 days in 25 cm^ flasks as described^'; medium containing nonadherent 
cells were transferred to a 15-ml conical centrifuge tube, incubated for I h at 37 *C with 4 pig of colchicine, and the pelleted cells were exposed 
to 5 ml of hypotonic (0.075 M) KCl solution for iOmin at 37**C and fixed with 1 ml of methanol : acetic acid (1:3). The final cell suspension 
was dropped on cleaned glass slides and dried at 65 'C, and stained with a 2% Giemsa stiin for 6-8 min. Forty metaphasc chromosome were 
exartiined at xl,000. ■ . v 
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Fig, 2 Urinary excretion of glycosaminoglycans and leukocyte 
arylsulphatase B activity of the MPS VI;affected cat marrow trans- 
planted with normal feline bone marrow. Urinary excretion of 
glycosamtnoglycans decreased to the normal range (day +18 to 
day +232) as' arylsutphataise B activity was itistalled in the 
mucopolysaccharidosis Vt-affected cat by bone marrow trans- 
plantation. Urinary glycosaminoglycans were determined accord- 
ing to a modification of Pennock". CPC ppt, cetylpyridirium 
chloride precipitate. The predominant gtycosaminoglycan excreted 
pre-BMT was dermatan sulphate, as determined by thin-layer 
chromatography. Leukocyte arylsulphatase B. activity was detcr- 
. ; mined according to a modification of Baum et oA^*. 
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Fig. 3 a. Normal Siamese cat; 6, arylsiilphatase B-deficient sibling 
of the cat shown in a; c; the same animal 105 days after bone 
■marrow ti^nsplahtatioii. Complete resolution of comekl clouding 
and partial resolution of facial disfigurement can be seen. 
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responsible for degradation of the majority of systemic substrate 
under normal conditions. Support for one or both of these 
mechanisms is provided by the demonstrated correction of the 
galactosylceramidase deficit in the nerves of *twitcher mice* 
when these nerves are grafted into normal mice^'. 

Although allogeneic BMT has been perfoniied in children 
with various lysosomal storage diseases, the long-term effective- 
ness of this treatment is unknown^**" Our results show sig- 
nificant and sustained improvement in the heahh of an MPS 
Vl-affected cat after successful allogeneic BMT, which suggests 
that allogeneic BMT may provide curative therapy for human 
MPS yr. Howeyei^, in those lysosomal storage diseases where 
significant neurological dahiage occurs, this method must be 
; further evaluated before it can be conscientiously recommended. 

-:\Recdved 19 iune:'aaic 
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Investigations, using this animal model of human disease could 
clarify the pathogenesis of MPS-iriduced lesions and would 
allow detailed analysis of the ability of BMT to prevent and 
correct' pathological changes caused by arylsulphatase B 
deficiency and perhaps other inborn enzyme deficiencies. 
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Only one gene coding for glyceraldehyde 3-phosphate dehy- 
drogenase (GAPPH» EC 1.2.1.12), a key enzyme ia the control 
pf ' glycolysis, is known to be functional In man* mouse, rat and 
;cbicken''^. The gene faas been localized to. jchromosoihe 12 fa 
bntnan^ and chromosome 6 in moused Only a single mRNA 
;speclek hais been found in chicken^**' and rat^**. However, analysis 
:0f geopmic DNA blots of various species with a cioned GAPDH 
c]I>NA probe has revealed large differences in the ievel of reiter- 
j^iwa longing irrom one to over 200 copies. On this basis^ We have 
/grpnped the^e organisms intP three classes accPirdlng to the number 
of GAPbll-related ^uences they contain ; one class with a unique 
Tepresentatlon (chicken), another class of relatively low reiteration 
|(10-30 copies in man, hare, guinea-pig and hamster) and a third 
class of high reiteration (> 200 copies in mouse and rat). The third 
.class represents the first reported p^currendt of such aii extreme 
■Qfllinber of .pseiidpgenes related to an enzyme-coding gene and 
^gge^ts that a dramatic ampliiicatlpn event took place between 
is and 25 millipn years ago. 



r vrTo wbom correspcmdeDCe should be addressed, ai Hopitat St Eloi. 



As a: preliminary to the screehihg of eenomic libraries to 
obtain the gene; we pi^bed Southern bib^^^ of chicken and rat 
genomic DMA, resjpcctivciy, with G>\PI)H cDNA clones from ^ 
rat (pR GAPDHl)^" and chicken (pGPDl)\ In chicken DNA, 
we obtain a simple pattern of Eco RI (i() and 15 kilbbases (kb)) " 
and HindlU (8. 1.7 aiid 0.5 kb fragments)(Fig. 1). The Hindlll 
pattern is identical with that observed by Kuo aJL*^ and the 
EcQ^l patt^rii . is also in good agreenrieht with previpus 
Tepoifts*'^!^i d^ the: presence of a weaker addi^ 
probably reflecting som^^ at :£coRi sites: All these 

data support the existence of a single GAPDH sequence in the 
chicken genbihe. In contrast^ however, Fijg, 1 shows a large 
number of fragments homologous to GAPDH cDNA iii the rat 
genome. This clone consists exclusively of coding sequences 
(spanning amino acids 261-324) so this hybridization pattern 
does not result from repetitive sequences in untranslated 
regions'^. Moreover, the probie is so small as to make it extremely 
unlikely that the multiple bands would correspond to genomip 
fragments harbouniig different e)i:pns. To eliminate the possibil- 
ity that the pattern of multiple bands detected results (rom 
incomplete digestion of the genomic DNA, the same blots were 
rehybridized to a rat serum albumin cDNA clone, yij^ldihg a 
pattern similar to the one published fpr thiis gene'* (data not 
shown). The stringency of washitig conditibnis (0.2 x SSC, 60 *^C;) ' 
suggests that these inuttipje genomic bands are highly 
homblogous to GAPDH. Indeed, the same patterti w^ observed 
when filters were washed either at 25 X in 2 x SSC or at 73 °C 
in a2xSSG (not shown), this is therefore a clear indication 
for a highly multigenic family of related sequences in the rat 
genome. To rule out a preferential reiterattion of only part of 
the GAPDH sequence as observed previously in the humain 
myoglobin gene , \ye reihybridized mouse and rat Southern blots 
with a Pstl-HinFl fragment excised from a fulMcngth rat cDNA 
clone; This probe is 229 nucleotides long, including 745' untrafi^* 
iated and 155 coding nucleotides; it gavie rise to the sanie 
complex pattern of bands (not shown), indicating that these 
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I ;i^.hae^latopoietic microenvironment and haeniaiopoiesis in four 
I S experiments was 1%, 4%, 5% and 2%, respectively. In two 
I in which only single CD34^, HLA-DR". CD38" 

^ W^^^^ relatively large forward light scatter were sorted no 

I iV:-icbU:: growth was observed, whereas in two other experiments 
Ifeli^gie • CD34'', HLA-DR", CD38" cells with low forward 
i I'Jight scatter, 5% and 12%, respectively, of the single cells 
|MP:^ay€ rise to both a haematopoietic microenvironment and 
|ff^S)E:irnatopoiesis. No cells were found that gave rise 
| haematopoietic colonies or only a haematpoietic 

|=^:|illpiSblf i'enewal ability of the formed structures was studied by 
|;f iJ^l^jp^tlng and rernovingthe structures and the supematent, and 
|:;||i|||^[|iriishing of the media with serum, IGF- 1 and b-FGF. After 
|i|||||:jt;q^;5;d^^ of culture only degenerated cells and debris could 
p^i|ii|^;^ibund; however, the identical diiferentiation process 
l^ili^l^v^^ as for the originally sorted single cells. Aftpr 15 to 
^^■feil^:^^ of culture, similar structures appeared including the 
I cell colonies, the disruption of the 

|::|i!j;;:raicrbst could.be repeyteid and both the structure and the 

|;||:j^ii6nies reappeared in an identical timely fashion. These results 
|;:||ii;|fji;bii^ direct evidence for the existence of a single class of 
|;^p;0]fhm^ which can sequentially differentiate into 

l^if'^^^ microenvironment and the haematopoietic stem cells 
^;|f :||i|^^ bone marrow. The observation that the structures 

|;::Sfi:;|ep^^ reconstructed themselves after disruption and 
^^:-ll:;^VPJ>'?^ with the media, IGF- 1 and b-FGF, strongly 

iif-'^|ti|^st5 that the common stem ceil of the haematopoietic ceils 

possesses the ability 

l l®;%■seI^^enew. The data indicate that in early development of 

|§R of pathology in murine 

IlijUucopolysacchari type VII 
llllly somatic cell gene transfer 

pi H. Woife*t1l, Mark S, Sands% Jane E. Barker^, 
p^^:; Gwynn*, Lucy B. Rowe*, Carole A. Vogtert 

p§:\:'^^ H. Bfl-kenmeier'^ 

rfhe \Jackson Laboratory, Bar Harb^^ Maine G4609. USA 
li'Sv;;::!'!^^ of Pennsylvania School of Veterinary, Medicine. Philadelphia, 
|; i; 1:; Pennsylvania 19104. JUSA 
|;?l;:;;-ist Louis University Scfiool of Medicine. St Louis, 

|. i To. v^hom correspondence Should be addressed, in Philadelphia 

^Mi^:^ : — : — 

! iAN inheriteid deficiency of )3-glucuronida$e in humans , mice and 
|:;::=i^^^^^ causes mucopolysaccharidosis VII (Sly syndrome), a pror. 
|; ;;^i|-;:j^ii^ive degenerative disease that reduces Hfe$pan.(fb ian average 
f :;P}::of 5 months in mice^) and results from lysosomal storage of 
| glycosaminoglycans in the spleen, liver, kidney, cornea, 

|: t^:''!^ and skeletal system Bone marrow transplantation in 
I : :: ;n>V*^nt mice provides a source of normal enzyme (*cross-correc- 
I S^^l ^tion'^)^^ which substantially improves the clinical condition and 
I ;¥::<^^ the average lifespan to 18 months^. Gene therapy by 
|i ilv^ of a /^-glucuronidase gene into mutant haematopoietic 
I ceils is an alternative approach^*^, but it is not known whether 

expression of vector-transferred genes in vivo^'^^ would 
|^;i:^i-iJt)e sufficiently effective. Here we show that retroviral yector-medi- 
"^ipi i^lcd transfer of the gene to mutant stem cells results in long-term 
of low levels of /^-glucuronidase which partially 

;i:|i;::|^rrects the disease by reducing lysosomal storage, in liver and 

■:;';-|:|^spleen. 

•i:;;^^^^ marrow cells from mucopolysaccharidosis (MPS) VII 
ipice were infected with the NTK-BGEO vector''*'* '-'^ (Fig. la) 
:::p?ahd transplanted intravenously into eight lethally irradiated 
Sj^JiaduIt MPS VII recipients. Spleens from two mice examined 11 
days after transplantation contained ^-glucuronidase-positive 
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the haematopoietic system, common stem cells first generate 
stromal stem cells which give rise to a haematopoietic microen- 
vironment which then induce the common stem cells to 
differentiate into the haematopoietic stem cells. 

The identification of common stem cells of both the 
haematopoietic microenvironment and the haematopoietic stem 
cells otfers exciting new possibilities to study the haematopoietic 
system. For example, purified common stem cells might be the 
ideal target for gene therapy. Moreover, the involvement of these 
unique cells in malignancies of the haematopoietic system and 
its microenvironment can now be explored. □ 
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cells* '*'^ '^. One of four animals alive 42 days iafter transplanta 
tion had detectable ^-glucuronidase activity in circulating white 
blood cells. To demonstrate that long-term repopulating stem 
cells in this mouse contained vector proviruses, we pooled spleien 
and bone marrow cells and transplanted them into irradiated 
adult MPS VII mice. The two secondary recipients (mice 1 A 
and IB) and one of the three remaining priniafy recipients 
(mouse 2) survived longer than six months after transplantatioii, 
which indicated that they had been reoonstitiited by stem cells, 
and were Icilled for further evaluation. 

Vector pro viral sequences were; delected in all three animals 
by polymerase chain reaction (PC R) (Fig: 16), indicating that 
vector-infected stem cells had reconstituted the haematopoietic 
system of each mouse^. Analysis of vector provirus . integration 
patterns suggested that the repopulating cells were derived pre- 
dominantly from a small number of transduced stem cells"^ (Fig. 
1c). The secondary recipients (1 A and I B); which appeared to 
have the same viral intjCgration sites, were probably reconstituted 
by cells derived from common stem cell precursors in the primary 
donor**. The strength of PGR and hybridization signals suggest 
that a substantial proportion of the repopu^ting cells contained 
vector provirus. 

The level of ^-glucuronidase expressibh was assayed in 
various organs, including liver, spleen and bone marrow (Fig. 
2fl). Mouse 1 A had 6% of normal activity in spleen and lymph 
nodes, 2% in thymus and liver, 216% iii bone marrow, ian<i i% 
or less in lung and kidney. Moiisie IB had 1-2% of normal, 
activity in bone marrow and spleen, 9% in thymus, and less 
than 1% in lung and liver. In mouse 2, ^-glucuronidase activity 
was only found in bone marrow and spleen and was less than . 
1% of normal. a-Galactosidase and )3-hexosaminidase actiyities '. 
were also measured as they are increased in untreated MPS yil; ; 
mice^ and correction of the rise after treatment by bone marrpV^ . 
transplantation is correlated >yith reduction of storage^. N^^?:^; 
1 A and IB had reduced levels of a-gaiactosidase in liver, 5p^^<?^i " 
and marrow (Fig. 2b), and of jS-hexosaminidasc in ^^y^^^ 
marrow (Fig. 2c). No changes were apparent in mpuse ? (^^IS- 
2h and c). 
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FIG. 1 Vector infection, cell trans- 
plantation, and detection of vector pro- 
viral sequences in treated nnice. a. Map 
of the ^-glucuronidase (GUSB)- 
expression vector^ showing restriction 
enzyme sites and location of oligonu- 
cleotide primers used for the PGR. The 
vector virus, which expresses normal 
levels of GUSB and restores substrate 
degradation to normal in vitro^-^^. was 
produced in GP -i-E86 packaging cells^^ 
at -10® PFU per ml (G418 resistance). . 
Stem cells were enriched from MPS VII 
bone marrow by density gradient cen- 
trifugation®"^, cultured in 200 Uml"^ 
each of recombinant mouse inter- 
leukin-3 and recombinant human inter- 
leukin-6 (GIBCO/BRL) for 96 h at 37 X 
and 5% COj (refs 8, 21). During the 
final 48 h, cells were co-cultured with 
the packaging cells in 8 jig ml"^ poly- 
brene®^. 4 x 10^ cells were Injected 
intravenously into 8 irradiated (9 Gy) 
MPS VII recipients (32^52 days old)^-^. 
Two mice were analysed for Gl^B 
expression at 11 days post-transplant. 21 9 bp 
Two mice that died between 11 and 42 
days and 2 that died between 42 and 
180 days post-transplant were not 
analysed. At 42 days post-transplant. 
bone marrow and spleen cells were 
isolated from a mouse with OJSB-posi- 
tive cells in blood and spleen, and 1.7% 
normal activity in liver. 1.4 x 10' pooled 
spleen and bone marrow cells from this 
animal were injected intravenously into 

2 irradiated (9 Gy) secondary recipients (mice lA and IB) {56 days old), b, 
Detection by PCR of proviral sequences in the DNA of spleen and white 
blood cells (WBC) of treated mice {lA. IB and 2) at 6 months post- 
transplantation (221, 221 and 288 days old, respectively). The first lane 
contains the PCR product amplified from a plasmid containing the rat GUSB 
cDNA^^; the second, third and seventh lanes show the results of amplifying 
genomic DNA from normal and untreated MPS VII mice. The reaction was 
done using previously described methods and oligonucleotides®, c. Southern 
blot of spleen DNA hybridized with the rat GUSB cDNA probe (89% nucleic 
acid identity with mouse GUSB). Bgll cuts the vector in the thymidine kinase 
promoter, so the bands represent the 3' end of the vector and flanking 
genomic sequences. .Two bands- (about 4 and 12 kb) of the mouse GUSB 
gene hybridized with the rat probe. Four unique provirus integration frag- 
ments ^were seen as bands of -3.5. 5. 8 and 15 kb in animals lA and IB 
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(the 5-kb band can be seen in the original autoradiogram). Stu\ does not 
cut within the vector, therefore the bands Include both 5' and 3' flanking 
DNA and the hybridizing fragnients were expected to be much larger than 
the 7 kb of the vector^. Two bands of genomic C^JSB were seen at -3 and 
4kb. Unique bands of -10 kb were present In animals lA and IB. The 
bands from animals lA and IB that migrate at >20kb probably Included 
multiple provlrus-cbntairiirig fragments that were not resolved on the gel. 
No unique fragments were identified in mouse 2, but proviral sequences 
were present by PCR (see hi As the PCR signal and GUSB activity were low 
in this animal, there were probably too few cells from unique clones to 
produce a detectable signal on the Southern blot. The DNA was prepared, 
digested,. electrophoresed on a 0.8% agarose gel, blotted and probed as 
described^-®. 
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FIG. 2 Lysosomal enzyme activity In tissues of three treated mice and an 
untreated MPS VII control expressed as a percentage of the activity in 



normal mice. The speciffc activity (nmol substrate cleaved per hour per mg 
protein) was determined on duplicate samples as described^^. 
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x ; Localization of ^-glucuronidase activity in tissues* *' (Fig. 3) 
. .^howed positive cells distributed throughout the liver and spleen 
•,:in mice lA and IB (Fig. 3c, d, K ')• In liver, the activity was 
:::*seen in sinusoidal lining cells (presumably Kupffer cells) and 
i yu^^ not visible in hepaiocytes. In mouse 2. a few small clusters 
lii^of positive cells were seen in liver (Fig. Ze) but most of the 
ISiWtissue was negative. These results suggest that only a subset of 



the donor cells were expressing the transferred gene, consistent 
With downregulation of vector expression^ *® or the presence of 
uninfected donor cells. 

The characteristic histopathological feature of MPS VII is the 
presence of large cytoplasmic vacuoles, representing lysosomes 
distended by accumulated undegraded glycosaminoglycans 
(GAGs)'"*•"'*^ The reduction of lysosomal storage observed in 
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FIG. 3 Expression- of GUSB enzymatic 
activity in tissues of MPS Vil mice 
treated by gene transfer. The positive 
. ceiis stain bright red®-'-^^^ a-e. Liver: 
f-j; spleen; a. f. normal; U g untreated 
MPS VII; c, h, mouse lA; rf, /, mouse IB: 
e, ji mouse 2. Scale bar in a represents 
20 ^im. The tissues to be tested for 
GUSB activity were isolated, frozen, cut 
Into 10-M.m sections, assayed for 
.activity using a hlstochemical reac- 
tion®-"^^. and photographed using 
differential interference microscopy^^. 
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liver and spleen microscopically (Fig. 4) correlated with the 
levels of ^ -glucuronidase enzymatic activity (Figs 2 arid 3). The 
liver and spleen of mouse lA had 2% and 6% of the normal 
activity, respectively, and there was marked reduction in lyso- 
somal storage (Fig. 4c. h). The hepatocytes were indistinguish- 
able from normal by light microscopy (Fig, 4c) and electron 
microscopy (not shown). In mouse IB the amount of storage 




RG. 4 Changes in lysosomal storage in liver and spleen of MPS VII mice after long-term 
haematopoietic reconstltution from vector-infected stem cells.. Lysosomal storage is represented 
by the targe cytoplasmic vacuoles, a-e. Liver; f-j, spleen; a, f, normal; b, g. untreated MPS VII; c; h, 
mouse lA; d i, mouse IB; e, / mouse 2. Scale bar in a represents 33 ^.m. Tissues were fixed, 
embedded, sectioned (1 \im), stained with toluidine blue and photographed as described^-®-^^. 



in liver and spleen cells was also reduced compared with 
untreated controls (Fig. 4rf. i). In contrast, in mouse 2 only a 
few positive cells were seen in the in situ assay, very low or no 
activity was measurable by biochemical assay, and no reduction 
in storage was apparent histologically (Fig. 4e,j}. 

The dramatic decreases in lysosomal storage observed in liver 
and spleen demonstrate that low levels of /3-glucuronidase in 
these tissues are sufficient to metabolize 
both the stored and newly produced 
GAGs. Hepatocytes had greatly reduced 
storage even though ihey appeared nega- 
tive for /3 -glucuronidase activity his- 
tochemically (Fig. 3). Results were similar 
following normal bone marrow trans- 
plantation, when 15-18% of normal )8- 
glucuronidase activity was present in liver 
but was detected in sinusoidal lining cells, 
not in hepatocytes*. Perhaps the in situ 
assay is not sudiciently sensitive to detect 
small amounts of croj^s-corrective enzyme 
in hepatocytes. Alternatively, proteogly- 
can turnover in the liver may be prinriarily 
a Kupffer cell function and MPS VII 
hepatocytes only store GAGs when 
Kupffer cells are nietabolically blocked. 
Accordingly, vector correction of M PiS VI I 
kupffer cells might restore the preferred 
pathway of proteoglycan turnover, and 
substrate stored in hepatocytes may 
decrease by nonspecific release of 
undegraded GAGs resulting from normal 
turnover of the endosome-lysosome 
compartment. 

The therapeutic response is clearly 
dependent on the level of j3 -glucuronidase 
expression tn the diseased mice. Here, 
gene transfer to haematopoietic stem cells 
resulted in the expression of low levels of 
^^-glucuronidase and clearance of storage 
in liver and spleen, but not in kidney and 
cornea (data not shown). In contrast, the 
higher level of enzyme expressed after 
treatment by bone marrow transplantation 
reduces storage in all four lissues^ The 
pathology of the brain and skeleton is not 
corrected even by the higher levels of 
enzyme activity in recipients of normal 
marrow^ so di^erent approaches'^ will be 
necessary to effect a complete cure. 
Nevertheless, the degree of correction 
achieved by low-level expression of the 
normal enzyme appeared to improve the 
clinical well-being of the animals in that 
mice lA and IB were more active and 
looked healthier than age-matched (8 
months) untreated MPS VII mice.. Mice 
that responded to gene therapy appeared 
similar to long-term recipients of bone 
marrow transplants in which 'lifespan is 
extended^ 

The discovery that low levels of 
expression of the transferred /?- 
glucuronidase gene can* strikingly reduce 
storage suggests new approaches for treat- 
ment of lysosomal storage diseases. Partial 
replacement of bone marrow with a small 
number of vector-corrected stem cells may 
be sufficient to correct the metabolic 
defects in liver and spleen without induc- 
ing the severe complications associated 
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•with bone marrow ablation. It may now be feasible to deliver 
■ therapeutically effective amounts of normal enzyme to patients by 
d g^ne transfer to tissues such as muscle^^ Hver*^ or orga^oids*^ 
J in addition to haematopoietic stem cells. Our results indicate 
i' that the amount of functional enzyme that can be delivered, 
"■■even though it is much lower than normal, may still be of 
;;;th.e>'2pcu^'C value to patients with mucopolysaccharidoses. □ 
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Brain-derived neurotrophic factor 
rescues spinal motor neurons 
: f rom axotomy-ihdiiced tell death 

:Qi8o Yan, Jeffrey Elliott* & Waitem D. Snider* 

ilNeurobiology Program, Amgen Inc., Amgeri Center, Thousand Oaks, 
; . California 91320. USA 

:;r:'*:P^partment of Neurology and Neurological Surgery, (Neurdoigy), 
..Washington University,..School of Medlcifte, St Louis, Missouri .63110, USA 

Current tdeais about the dependence of neurons on target-derived 
growth factors were formulated on the basis of experiments Involv- 
ing neurons .with projections to the periphery'*^. Nerve growth, 
factor (NGF) and recently identified members of the NGF fiamily 
of neuronal growth factors, known as neurotrophins, are thought 
to regulate survival of ; sympathetic and certain populations of 
.Sensory ganglion cells during development^. Far less is known 
about factors that regulate the survival of spinal and cranial motor 
/neurons, which also project to peripheral targets. NGF has not 
'been shown to influence motor neuron survival'*"*, and whether 
i: the newly Identified neurotrophins promote motor neuroii survival 
Is unknown. We show here that brain-derived neurotrophic factor 
:(BDNF) is retrogradely transported by motor neurons in neonatal 
iratis and that local application of BDNF to transected sciatic nerve 
prevents the massive death of motor neurons that normally follows 
axotomy in the njeonatal period. These results show that BDNF 
' has survival-pronioting effects on motor neurons in vivo and sug- 
gest that BDNF may influence motor neuron survival during 
^development. 

; : We first examined the ability of spinal motor neurons to 
;:*'etrogradely transport BDNF in neonatal rats. Recombinant 
::human BDNF was produced and purified as described'* and 
iiodinated'^ '^M-Iabelled BDNF was injected into the right lower 
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TABLE 1 Motor neuron counts in L4-5 spinal cord segments of 6-day.old 
rats after right sciatic nerve transection on postnatal day 1 



No. of motor neurons 











Survival 




Animal 


Factor 


Right 


Left 


(R/Lx%) 


Mean±s-d. 


1 


BDNF 


1.088 


1134 


96 


92 ±6.6* 


2 


BDNF 


922 


1,098 


84 




3 


BDNF 


1.065 


1^16 


88 




4 


BDNF . 


1,117 . 


1,142 


98 




5 


Cytochrorne c 


949 


1,588 


... 60 


60 ±5.7 


6 


Cytochrorne c 


855 


1.298 


66 




7. 


Cytochrome c 


716 


1,191 


60 




8 


Cytochrome c 


531 


1022 


52 





Motor neuron survival is presented as the percentage of counts on the 
right (R: lesioned side) over left {U non-lesione<J side). . 

* Signlfcantly more motor neurons survived after treatment with BDNF 
than after treatment with cytochrome c (P< 0:0002, Student f-test, two 

tails).:- 

lejg of 2rday-oId rats and retrograde transport was examined by 
emulsion autoradiography bf lumbar spinal cord sections (Fig. 
1). Dense accumuiatioh of silver grains was found oVer motor 
neurons in the ipsilateral spinal motor column ^ jjp 
silver grains above background lie vel were observed iti the contra- 
lateral spinal cord: CoWnjection of a 50-f61dexc^^^^ 
BDNF completdy blocked transport of '^I-!abelled BDNF 
(Fig; it). '^^I-labelled cytochrpme c, which has physical 
chemical propierties that are simiiar to BDNF, was not retro- 
gradely transppited by motor neurons after injection into the 
leg (data not shown). These results show that the ability of 
motor neurons to transport BDNF in a specific redcsplor-mcdi- 
ated fashionvpr^viouSly demonstrated in adult rats", is piiesent 
by postnatal day 2. 

The demonstration of specific retrograde transport of BDNF 
prompted us to ask whether this molecule has biological effects 
on spinal mptpr neurons. A rapid and reproducible motor 
neuron cell death occurs after sciatic nerve axotomy in neonatal 
rats*^'*"*. Motor neurons with axons in the sciatic nerve account 
for 40% of ihptpr neurons in the lower lumbar spinal cord and 
virtually all are lesipried: by sixptomy in thie; first; 48 h of life*\ 
We thiertsfore used this experiniehtal paf^adigm to assess the 
protective effects of BD N F on spinal tnotpr peurbiis . B DN F (at 

1 mg mr* in )PBSy corresponding to a dose of 5 jig g~' body 
weigiii) was subcuianWus^ injected into the right hindleg of 
newborn rats (day 0) within 2-3 h aiFter birth. Qn day 1, the 
right sciatic nerve was cut near the obturator tendon in the thigh 
and a 3x3x3 mm' Gelfpa^m presodked ini BDNF (1 mg m 

in PBS) was implanted next to the proximal sciatic nerve stump. 
In addition we injected 5 jjlI of the same BDNF solution into 
the lesion site daily during days 4-5 in order to supply additional 
BDNF to the transected motor axons. Control animals received 
cytochrome c in the same dosages administered in exactly the 
same fashion. Animals were killed on day 6. Motor neurons 
were counted on both sides of lumber segments L4 and L5 as 
described previously*" 

Results of this analysis are shown in Fig. 2 and Table 1. Figur^ 

2 shows representative cross-sections of lumbar spina! cords 
from a control animal that received cytochrome c (Fig. 2a) and 
an animal that received BDNF (Fig. 26). Spinal motor neurons 
on the non-lesioned side (left; open arrows) and on the side of 
the sciatic rierve section (right; solid ar^o^ys) are shown. Tlic 
loss of motor neurons after sciatic nerve section in control 
animals treated with cytochrome c is apparent. In contrast, in 
BDNF-treated animals, most rnotpr neurons survived axotomy 
over the 7-day period of the experiment. Cell countifroni contrbl 
and experimental animals showed that 40% of motPr neurons 
were lost in cytochrome ,c- treated animals coimparcd with ipn]y. 
8% loss in animals that received BDNF (Table 1). Thest^ data '■' 
show that BDNF largely prevents the death of rnotpr neurons . 
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The correction of lysosomal enzyme deficiency was 
investigated for various organs of i9-glucuronidase- 
deflcient C3H/Rij mice after allogeneic bone marrow 
transplantation from an enzymatically normal donor 
strain (C57BL/Rij). In the hemopoietic organs, the en- 
zyme level increased to levels found in donor mice* In 
lung, kidney, liver, and peripheral nervous tissue, a 
significant increase in enzyme activity was seen to levels 
intermediate between those of donor and recipient. In- 
creased enzyme activity was maintained throughout the 
observation period of 150 days. In skeletal muscle tis- 
sue, enzyme levels tended to be higher in recipient mice, 
but this increase was not significant for all data points. 
Bone marrow transplantation failed to significantly af- 
fect enzyme activity in central nervous system tissue. 
These data suggest that beneficial effects expected from 
bone marrow transplantation for lysosomal enzyme de- 
Hciencies depend on the type of tissue involved in the 
disease. In diseases severely affecting the central nerv- 
ous system, cure may not be expected from bone marrow 
transplantation alone, whereas in diseases with only 
minimal central nervous system involvement, allevia- 
tion or prevention of clinical Symptoms may occur. 

In lysosomal storage diseases, substrate accumulates in the 
lysosomes due to deficiency of a lysosomal enzyme (7). Enzyme 
replacement is the only rational means of therapy today. Ad- 
ministration of purified enzyme or plasma infusions {2-4) have 
resulted in limited success only: in most cases, the foreign 
protein is rapidly cleared from the circulation due to uptake by 
the reticuloendothelial system (5). In the past few years, at- 
tempts were made to treat patients with certain lysosomal 
storage diseases by bone marrow transplantation (BMT)* (5, 
for recent reviews: 7-9). Effects of BMT in animal models are 
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* Abbreviations used: BMT, bone marrow transplantation; CNS, 



reported, e.g., in iS-glucuronidase-deficient mice (10) ^ Twitcher 
mice (ii), and the feline Maroteaux-Lamy model (12), After 
BMT, the blood cells and tissue macrophages are replaced by 
donor-derived cells. These enzymatically normal cells serve as 
a continuous source of enzyme. Immunological reactions 
against the enzyme have not been observed after BMT. An 
increase in enzyme activity after BMT has been reported in 
the plasma and blood cells of various patients (6, 13-16), In a 
Maroteaux-Lamy syndrome patient (13) and in the /8-gluc\iron- 
idase-deficient C3H mouse model (iO), increased enzyme activ- 
ity has also been reported in the liver. 

In several storage diseases — e.g., mucopolysaccharidoses — 
hepatosplenomegaly (6, 13, 17) and corneal clouding (5, 17) 
disappeared after transplantation of normal bone marrow. Ex- 
cept in the feline Maroteaux-Lamy model (12), marked re- 
sponse of bone tissue has not been reported. In diseases with 
severe involvement of the central nervous system (CNS) — e.g., 
metachromatic leukodystrophy— a significant beneficial effect 
on the neurological symptoms has not been observed (18-19), 
although the follow-up period was too short to draw firm 
conclusions. Also, in the galactosyl-ceramidase-deficient 
Twitcher mouse, improvement of CNS symptoms is absent 
after BMT, both clinically and histologically (11), These data 
indicate that the clinical results of BMT for the treatment of 
lysosomal storage diseases depend on the type of tissue that is 
most severely affected. 

In the present study, the organ distribution pattern of the 
donor enzyme after BMT is investigated by using the i3-glucu- 
ronidase-deficient C3H/Rij mouse. Activities of two control 
lysosomal enzymes, hexosaminidase and j9-D-galactosidase, was 
determined to study whether aspecific side effects of BMT 
influenced the lysosomal enzyme activities. Although C3H mice 
have very low levels of j5-glucuronidase, clinical symptoms do 
not occur. These mice have a normal life span, and the presence 
of storage products has been reported only in livers of older 
C3H mice (20), Using the same mouse model (10), Slavin and 
Yatziv reported an increase in enzyme activity in plasma and 
liver after BMT. 



central nervous system; HBSS, Hanks* balanced salt solution; MoAb, 
monoclonal antibod|y; PNS, peripheral nervous system. 
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MATERIALS AND METHODS 

Mice. Inbred, specific-pathogen-free, 8-12-week-old, female C3H/ 
Rij (C3H) and C57BL/Rij (a57BL) mice were used, both as recipients 
of bone marrow grafts and as bone marrow donors. C3H mice have 
very low levels of j3-glucuronidase (10) and C57BL mice are enzymat- 
ically normal (Table 1). 

Bone marrow transplantation. Bone marrow was obtained by flushing 
femurs and tibias of donor mice with HEPES-buffered Hanks* balanced 
salt solution. One day after lethal total-body irradiation (''"Cs gamma 
rays. 9.5 Gy for C3H and 10.5 Gy for C57BL mice), 10'' nucleated bone 
marrow cells were injected intravenously in the tail vein of recipient 
mice. 

Assay for chimerism. Chimerism of nucleated bone marrow cells was 
assayed by using a monoclonal antibody (MoAb) that binds to granu- 
locytes of C57BL origin, but not to those of C3H origin (Fig. I A). Bone 
marrow cells from C3H and C57BL mice, and from chimeras were 
assayed. 10^ Bone marrow cells were incubated with anti-GM 1.2 MoAb 
(NEI-301, New England, 50 ;il of antibody diluted 100 times in Hanks* 
balanced salt solution (HBSS) containing 5% fetal calf serum and 
0.02% sodium azide) on ice tor 45 min. The cells were washed with 0.5 
ml HBSS and pelleted. Subsequently, the cells were incubated with 
goat-antiraouse IgG fluorescein isothiocyanate (Nordic, Tilburg, The 
Netherlands; 50 fd 50 times diluted in HBSS) for 30 min on ice, which 
binds to the GM1.2 MoAb. After washing, the cells were resuspended 
in 0.5 ml of HBSS and analyzed on a light-activated cell sorter (FACS 
II, Becton and Dickinson, Sunnyvale, CA). An electronic window was 
set around a population of bone marrow cells, consisting virtually 
exclusively of granulocytes {21 ). Fluorescence of the cells in the window 
was measured. The bone marrow cells of the mice tested at 35, 50, 75, 
100, and 150 days after allogeneic BMT bound the GM1.2 MoAb (Fig. 
IB), proving that they were true hemopoietic chimeras. 

Hydrolase assay. )3-glucuronidase was assayed on freshly frozen organ 
specimens. Animals were perfused with saline (±150 ml) to remove 
contaminating blood. In addition to /^-glucuronidase, hexosaminidase 
and jS-D-galactosidase were measured at 50 days after BMT. Hydrolase 
activities were measured in a standard fluoriroetric assay as described 
(20). Formation of the 4-methylumbelliferrone product was measured 
in a Perkin Elmer fluorometer, using 367 nm light for excitation and 
measuring 442 nm light for emission. Protein was determined by the 
method of Lowry (23). Enzyme activity was determined in bone marrow 
cells, spleen, leukocytes, plasma, kidney, liver, lung, and central nervous 
tissue and expressed as specific activity (nmol/hr/mg protein). For 
determination of enzyme activity in skeletal muscle tissue, the femoral 
quadriceps muscle was used, and for enzyme activities in peripheral 
nervous tissue (PNS), the sciatic nerve was used. For each data point, 
5-8 animals were used. 

Statittical analysis. For statistical analysis, the enzyme levels in the 
various organs of the allogenfeic recipients, syngeneic recipients, and 
untransplanted animals were compared by the Student's t test. Differ- 
ences observed were considered significant at P values of <0.01. 



Table l. /^-Glucuronidase levels (nmolhr"*mg protein"'; mean ± SD) 
in various organs of female, adult, C3H. C57BL, and allogeneic 
transplanted C3H mice, 150 days after transplantation" 





C3H 


C57BL 


C57BL-^3H 


Bone marrow 


52.7+6.1 


188.1±24.5* 


156.9±10.2* 


Spleen 


50.7±3.4 


146.5±10.8'' 


133.8±5.9*' 


Liver 


12.8±1.6 


104.5±7.9' 


24.5±1,5* 


Lung 


26.4±2.3 


99.9±23.4* 


65.7±14.8* 


Kidney 


7.9±1.0 


35.6±4.2'' 


i21.5±6.7* 


Skeletal muscle 


0.3±0.1 


1.7±0.4* 


0.6±0.2* 


CNS 


1.4±0.2 


8.3±0.6* 


2.1±0.5*' 


PNS 


i.6±ai 


7.0±1.4* 


4.8±0.4* 


Leukocytes 


il.6±3.2 


79.8±6.9* 


77.6±6.9* 


Plasma* 


2.2±0.6 


9-4±2.0* 


4.4±0.4* 



" 5-8 animals per group. 

" P<0.01 as compared with untransplanted C3H. 



RESULTS 

Hydrolase activities in untransplanted animals. As shown in 
Table 1, the C3H mice have low values for /^-glucuronidase 
activity in the various organs examined as compared with 
C57BL mice. No significant differences in enzyme activity were 
observed between C57BL and C3H mice for two other hydro- 
lases, j3-D-galactosidase and hexosaminidase (Table 2). 



A 




fluorescence intensity (channel number) 

Figure l . Frequency distribution of fluorescence intensities of anti- 
GMl.2 and anti-mouse IgG-FITC-labeled cells within the sorting win- 
dow indicated in the Materials and Methods section. (A) cells of 
untransplanted C57BL and C3H mice. (B) cells of C57BL to C3H 
chimera. 



Table 2. Levels (nmolhr~^rag protein"'; mean ± SD) of control 
enzymes in various organs of female, adult, C3H, and C57BL mice" 

/S'D-galactosidase Hexosaminidase 





C3H/Rij 


C57BL/f«j 


C3H/Rij 


C57BL/Rij 


Bone marrow 


621.5+104.3 


346.3±69.8 


6014±1083 


4206±638 


Spleen 


404.6±5.5 


408.2±57.6 


3048±278 


2959+492 


Liver 


103.2+8.6 


132.3±44.6 


993±164 


948±285 


Lung 


7L1±12.4 


146.8±35.3 


975±304 


1395±373 


Kidney 


324.8±14.7 


304.6±17,0 


1695±136 


1382±6l 


Skeletal muscle 


2.0±0.6 


2.3±0.2 


62±5 


46±5 


CNS 


58.1±7.5 


59.8±9.8 


1245±93 


1465±87 


PNS 


34.2±0.6 


23.2±2.6 


804±118 


492±42 


Leukocytes 


84.6±57.6 


107.5+41.6 


614±60 


879±204 


Plasma 


2d.9±8.4 


30.4±6.9 


3939±642 


3549+622 


" 5-8 animals per group. 
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^.glucuronidase activity in recipients of syngeneic grafts. In 
general, significant differences in /^-glucuronidase activity be- 
tween untransplanted mice and recipients of syngeneic grafts 
did not occur (Figs. 2 and 3 (only data of bone marrow, liver, 
: CNS, and PNS shown]). Only in liver tissue of C57BL mice 
that received a syngeneic graft, the enzyme activity signifi- 
: cantly increased as compared with untransplanted animals 
(Fig. 2B). In /^-D-galactosidase and hexosaminidase levels sig- 
nificant differences were not observed between the recipients 
of syngeneic grafts at 50 days after transplantation and the 
untransplanted controls (data not shown). 

^-glucuronidase levels after allogeneic BMT. After allogeneic 
BMT, increased |£j-glucuronidase levels occurred in various 
organs of C3H recipients. This increase was already significant 
(P<0.01) at day 35 after BMT and persisted during the obser- 
vation period of 150 days after transplantation. In bone marrow 
(Fig. 2A), plasma, spleen, and peripheral blood leukocytes, P- 
glucuronidase activity increased to levels identical to those of 
donor mice (Table 1). 

In the liver (Fig. 2B), lung, and kidney, /9-glucuronidase 
activity increased significantly (P< 0.01) to levels intermediate 
between those of C57BL and C3H (Table 1). 

In skeletal muscle tissue, low specific j3-glucuronidase activ- 
ities were measured. There was a tendency toward higher levels 
in j9-glucuronidase activity at all time points tested in allogeneic 
recipients as compared with syngeneic recipients as well as 
untreated controls. However, the differences were only statis- 
tically significant at day 75 after transplantation. 

In the CNS, no significant increase in jf?-glucuronidase activ- 
ity occurred after BMT (Fig. 3A); only a tendency toward 
higher enzyme levels as compared with syngeneic recipients 
and untransplanted mice at days 100 and 150 after BMT was 
seen. In this organ with low specific glucuronidase activity, 
contamination with plasma, even after perfusion, cannot be 
completely ruled out. 

In the sciatic nerves, significantly higher jS-glucuronidase 
activity was measured (Fig. 3B) in allogeneic transplanted mice 
as compared with untransplanted controls and syngeneic recip- 
ients. 

Differences in activity of the two unrelated hydrolases, hex- 
osaminidase and jS-D-galactosidase, among allogeneic recipi- 
ents at day 50 after BMT, isogeneic recipients, and untrans- 
planted controls were not seen in any of the organs examined 
(data not shown). 

DISCUSSION 

After allogeneic BMT for lysosomal storage diseases, the 
donor-derived blood cells and tissue macrophages, which are 
enzymatically normal, may serve as a continuous source of 
enzyme. In the present study, increased enzyme activities are 
reported in various organs of j^-glucuronidase-deficient C3H 
mice after allogeneic BMT. In mice transplanted with synge- 
neic bone marrow, no significant increase in ^-glucuronidase 
activity occurred, except for the liver of syngeneic transplanted 
C67BL in which a prolonged increase in enzyme activity was 
measured. Differences in hexosaminidase and i^-D-galactosid- 
ase levels between the untransplanted mice and recipients of 
syngeneic or allogeneic bone marrow were not seen. These tiata 
clearly demonstrate that the observed increases in /J-glucuron- 
idase activity in various organs of C3H mice after allogeneic 
BMT were not due to side effects of the transplantation pro- 
cedure. 
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Figure 2. /3-Glucuronidase activity (nmoi/hr/mg prot, mean ± SE) 
in bone marrow (A) and liver (B) at various times after BMT. 

( ) C57BL to C3H chimera; ( ) C57BL recipients of syngeneic 

BMT; (- - -) C3H recipients of syngeneic BMT). Mean values ± 2 SD 
of untransplanted controls are indicated in the shaped areas ([upper] 
C57BL; (lowerl C3H). 



It is shown in this study that the increase in enzyme activity 
after allogeneic BMT varies in the different organs. In the 
hemopoietic organs (bone marrow and spleen), the enzyme 
levels increased to those of the donors. This can be explained 
by the replacement of the hemopoietic cells of these organs by 
donor-derived cells. The data on the increase in enzyme activity 
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Figure 3. jff-Glucuronidase activity (nmol/hr/mgprot, mean ±SE) 

in CNS (A) and PNS (B) at various times after BMT. ( ) C57BL 

to C3H chimera; ( ) C67BL recipients of syngeneic BMT; ( ) 

C3H recipients of syngeneic BMT). Mean values ± 2 SD of untrans- 
planted controls are indicated in the shaped areas ([upper] C57BL; 
flower] C3H). 

in the sp]een shown in this study corroborate the clinical 
decrease in splenomegaly following BMT in patients suffering 
from certain mucopolysaccharidoses (6, 13), The increased 
enzyme activity in the plasma is considered to be related to the 
replacement of the blood cells after BMT and has also been 
reported in most other studies (6\ 15, 16), The increase in fi- 
glucuronidase activity in lung-tissue can be due to replacement 
of the alveolar macrophages by cells of donor origin (24), or to 
transfer of jS-glucuronidase to the interstitium or to the alveolar 
and the bronchial cells, or to both. From the present data it 



cannot be estimated which mechanism is responsible for the 
increase in enzyme activity seen in lung tissue. 

Also in liver tissue, a significant (P < 0.01) increase in 
enzyme activity was measured after allogeneic BMT. From 
these data it cannot be concluded whether the increased enzyme 
activities in liver tissue are only due to replacement of Kupfer 
cells by donor-type cells (25) or whether they are due to uptake 
of enzyme by liver parenchymal cells as well. 

So far, enzyme activity in the kidney has not been reported. 
In otir study, significantly increased (P < 0.01) ^S-glucuronidase 
levels are observed in the kidney. Whether the increased P- 
glucuronidase level is only due to replacement of macrophages 
is questionable, as the presence of macrophages in normal 
kidneys is controversial. Macrophage-like cells have been re- 
ported in normal kidney tissue (26), but recently the presence 
of these cells in the kidney could not be confirmed (27, 28). 
Detailed studies of this subject are needed to determine as to 
whether the effects seen in the present study are due to uptake 
of enzyme by cells of the kidney or to replacement of macro- 
phages in the kidney after BMT. 

The effect of BMT on the ^^-glucuronidase levels in skeletal 
muscle is not conclusive. The specific jS-glucuronidase levels in 
skeletal muscle of both C57BL and C3H mice were relatively 
low as compared with other organs and a large variation in 
enzyme levels was observed between individual animals of one 
group. The enzyme activity tended to increase after allogieneic 
BMT, but this increase was not significant at all time points 
measured — neither as compared with the untransplanted con- 
trols nor as compared with recipients of syngeneic bone mar- 
row. In this respect, it is of interest that another lysosomal 
enzyme, a-glucosidase, can be taken up both by deficient Pompe 
skeletal muscle cells and by normal skeletal muscle cells in 
vitro (29). It is possible that the enzyme levels in the plasma 
after BMT are not sufficient to permit uptake by the skeletal 
muscle cells. 

One of the major problems in enzyme replacement therapy 
for lysosomal storage disease, including BMT, is the neurolog- 
ical complications. Due to the blood-brain barrier, circulating 
enzyme cannot enter the CNS (30), So far, the presence of 
donor-derived cells in the CNS has not been reported. One 
study reported the presence of hemopoietic stem cells in the 
CNS We have concluded that these "hemopoietic stem 
cells in the brains" are derived from contamination with bone 
marrow from the skull bones (52). In the present study, it is 
shown that after BMT no significant increase in i3-glucuroni- 
dase level can be observed in the CNS. Although a small 
difference in enzyme activity was observed, at days 100 and 
150 after BMT, between the transplanted mice and the con- 
trols, the values were still within the control range. Clinical 
data (18, 19) and animal model studies (11) indicate that 
improvement of neurological symptoms does not occur after 
BMT, but data on enzyme levels have not been reported. In 
vivo studies with i.v. administration of hexosaminidase (30, 
33), showed that uptake of lysosomal enzyme in the brain cells 
did not occur if the blood-brain barrier was intact, but following 
artificial opening of the blood-brain barrier, uptake of enzyme 
was demonstrated. Also, in vitro studies demonstrated that glia 
cells are able to take up exogenous enzyme in the presence of 
concanavalin A (24), The present in vivo data do not demon- 
strate uptake of circulating enzyme in the brain, suggesting 
that the blood-brain barrier prevents uptake of enzyme in the 
CNS after BMT. 

The mechanism of the increase in /^-glucuronidase activity 



-^X^^fff'^^^p^pheral nerves is not well understood. Circulating enzyme 
Ml^liSr!^ be taken up by Schwann cells. This is suggested to occur 
^^^^llf iii^S'^^^*^ Twitcher nerves, where increased gaiactosyl-ceram- 
W^^ii^-ife^ ^^^^^ reported (35), Yeager et al. {19) have suggested 
^pPl^li|)?lt the improvement of the histological lesions in peripheral 
^Sjlllii^Wes in Twitcher mice after BMT may be due to replacement 
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■^i^^^Xot '^Q macrophages in the demyelinated nerves in Twitcher 




it is not known whether this also occurs in the histological 
^mt^imal nerves of C3H mice. 

^ a bone marrow donor is available, BMT may be considered 
the treatment of lysosomal storage diseases that are usually 
l^^ji^fcd and cause severe iUness in the affected patients. Our data 
^J^^^llo'n leukocytes, spleen, and bone marrow support the view and 
• data (14) that BMT may be beneficial in lysosomal 

^|^j;=4^Mge diseases in which the cells of the reticuloendothelial 
i0^i|||-^tem are predominantly affected— e.g., Gaucher's disease (14, 
However, the present study also shows that in organs that 
'^'^^J?/ ii^ not contain cells of hemopoietic origin (PNS) or in which 
If If presence of donor-derived cells is dubious (kidney), an 
j^:?|'?Cintrea8e in enzyme activity does occur after BMT. The increase 
^^0^<><ss!:*M^ed. relatively soon after BMT and appeared to be sus- 
tciiricid throughout an observation period of at least 150 days. 
rl||J|\^V.'^ study shows that significant increase in enzyme activity 
'after BMT cannot be expected in the CNS, suggesting that, for 
iW& *.tic^ treatment of lysosomal storage disease which primarily 
>i::^JixV:W^g^^l^g CNS, BMT alonc will not be sufficient to ameliorate 



. d symptoms. Opening of the blood-brain barrier, in com- 

i^i^Si!;:..-:.^ with BMT may be effective for these types of lysoso- 

• ma^ disease, as is indicated by the reports of Neuwelt 

(30) and Rattazzi (53). They showed that following 
'^S?!: . oainotic modification of the blood-bram barrier in the rat, 

administered human hexosaminidase A and B 
|Jf;|:v:.::entered brain cells. The /^-glucuronidase deficient C3H/Rij 
teSy: . is an appropriate preclinical model in which to evaluate 

f ?^::xC;v! siich combined treatment regimens. 

■': 
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COMBINED HEART-LUNG TRANSPLANTATION IN THE RAT 

Comparison of Thoracic and Abdominal Operation Techniques* 
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Margaret E. Bilungham 

Departments of Cardiovascular Surgery and Pathology, Stanford University Medical Center, Stanford California 9430$, 



Recently, we developed two techniques for the com- 
bined transplantation of heart and the left lung into the 
left hemithorax of rats. One technique, with two vessel 
anastomoses, comprised the microsurgical repair of 
aorta, anterior vena cava, and left main bronchus. With 
the other, single vessel technique, only the aorta and 
bronchus were anastomosed. In this study, we deter- 
mined the function and histology of syngeneic and cy- 
closporine (CsA)-treated allogeneic grafts transplanted 
with both techniques, and compared the results with 
those of heterotopic heart-lung grafts transplanted with 
a previously described technique for transplantation 
into the rat's abdomen* 

The survival rate of rats operated with either of the 
thoracic transplantation techniques was high (83%). 
Lungs and hearts of the grafts functioned well for over 
two months and had normal morphology when the dou- 
ble vessel technique was used. With the single vessel 
technique, the function of the lungs started to deterio- 
rate from the third postoperative week onward, prob- 
ably secondary to congestion. The results of thoracic 
grafts were superior to those of abdoniinal transplants, 
where the nonventilated lungs — especially during im- 
munosuppression — were frequently infected. We con- 
clude that these new techniques for thoracic transplan- 
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tation are most suitable for research of combined heart- 
lung transplantation. 

For the past five years, combined heart-lung transplantation 
has been used by Stanford University investigators for treat- 
ment of patients with end-stage pulmonary vascular disease 
(1 ). More than half the transplanted patients surviving the 
immediate postoperative period have been able to return to a 
relatively normal life. However, many aspects of heart-lung 
transplantation still need to be addressed: an adequate preser- 
vation method for lungs has yet to be developed (2); noninva- 
sive monitoring of pulmonary rejection is presently virtually 
impossible (5, 4); and the function of the lungs in some patients 
has been affected by an obliterative bronchiolitis, the cause of 
which is unknown (5). 

To enable investigation of these troublesome aspects of 
heart- lung transplantation we recently developed two tech- 
niques for combined heart-lung transplantation in rats. Inbred 
rats have previously been used extensively to study rejection 
phenomena in isolated orthotopic lung grafts (6-11). With the 
new techniques, we have been able to study grafts consisting of 
the heart and left lung transplanted into the left hemithorax 
after left pneumonectomy. In this way the transplantation 
provides both an experimental and a control heart and lung in 
the same animal. 

In this study, we compared the function and histology of 
combined heart-lung grafts transplanted with the two thoracic 
techniques with those of grafts transplanted with a previously 
described heterotopic technique (12) into the abdomen. Besides 
syngeneic grafts, allogeneic transplants with cyclosporine 
(CsA)* treatment were used to compare infection susceptibility 
of the various grafts in immunosuppressed animals. 

* Abbreviations used: CaA, cyclosporine; ECG, electrocardiogram. 
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